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ABSTRACT 
 Maelstrom (MAEL) is a gonad-specific protein that is associated with the piRNA 
pathway and is involved in silencing of transposable elements (TEs). In the absence of 
MAEL, the function of the piRNA pathway is perturbed and retrotransposons become 
expressed, causing infertility. Here, I utilize sequence alignments, tertiary structural 
analysis and biochemical approaches to characterize MAEL’s N-terminal high-mobility 
group (HMG)-box domain, which is required for function in Drosophila. I have 
compared mouse and fruit fly MAEL HMG-box with sequence specific sex-determining 
region Y (SRY) HMG-box, and non-sequence specific high mobility group protein B1 
(HMGB1) HMG-box-A.  
 Sequence and structural comparisons revealed novel arrangements of residues and 
tertiary structural regions (“propeller,” “hook”) that distinguish MAEL HMG-box from 
previously described HMG-boxes. These characteristics are highly conserved within 
vertebrate domains but diverged in invertebrate domains. Gel-shift assays show that 
MAEL HMG-box does not bind to B-type helical or cytosine methylation modified 
double-stranded (ds) DNA, but strongly binds to structured DNA four-way junctions. 
More importantly, MAEL HMG-box binds to RNA. It binds to dsRNA, hairpins, and 
4WJs forming stronger complexes with each substrate consecutively.  Binding to 
junctions depends on the conserved arginine residues within the “hook” and “propeller” 
regions. MAEL HMG-box also binds to large RNA fragments from sequence regions 
enriched in the MAEL immunoprecipitates and not to RNA that was not enriched.  
 These results indicate that MAEL HMG-box is an RNA-binding domain with 
preference for large, structured substrates. Accordingly, MAEL HMG-box may bestow 
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the RNA-binding capabilities on MAEL protein, allowing for proper selection of target-
RNA molecules and their delivery to the piRNA pathway.  
 
Thesis Advisor, First reader: Alex Bortvin, PhD. 
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PREFACE 
 Proteins can be viewed as molecular machines that carry out the vast majority of 
the work in the cell. Whether activated by post-translational modifications, inter-protein 
associations, or with other molecules (e.g., RNA), proteins are capable of accomplishing 
diverse molecular tasks. A single protein functional repertoire originates from its domains 
– regions within its peptide with particular sequence and/or tertiary structure 
characteristics. The protein domains function in concert to accomplish most commonly 
single biochemical function. While proteins with various domains demonstrate incredible 
combinatorial power of the evolutionary process, they can present challenges for 
scientists trying to decipher functions. This is the case of Maelstrom protein whose 
biochemical function eluded description for over two decades. 
 Maelstrom’s annotation reveals only two domains: the amino-terminal high-
mobility group (HMG)-box domain, followed by a Maelstrom-specific domain (MSD) 
that has been predicted to form an RNAse H-like fold. The Maelstrom (MAEL) in mice is 
exclusively expressed in the animal gonads, being first detectable at embryonic stages, 
concomitant with meiosis. Its deletion during this period, and thereafter, leads to male 
and female infertility. This is due to defects in the piRNA pathway resulting in failure to 
regulate transposable elements (TEs), which in turn causes a variety of meiotic problems. 
How MAEL function during these processes is unknown. 
 Others studying MAEL refer to it as “one of the most enigmatic proteins” for the 
diversity of the functions that have been attributed to it in mouse, fruit fly, and cell-
culture systems. In the fruit fly, MAEL has been suggested to play roles in the 
establishment of early-oocyte polarity, organization of microtubule-organizing center, 
	   v	  
miRNA regulation, and heterochromatin regulation. In mice, MAEL has been suggested 
to be involved in meiotic silencing of unsynapsed chromatin and found highly expressed 
in various tumors. However, by far the largest body of evidence places MAEL in the 
piRNA pathway as one of the essential members.  
 The majority of all efforts put into trying to understand MAEL function were 
focused on interpretation of the phenotypes caused by either its deletion or mutation in 
vivo. While such approaches can provide us with biological contexts, when a large 
number of variables are present, they can mask the biochemical function of a protein. 
MAELs enigmatic nature stands as proof of this. In order to unmask the biochemical 
function of MAEL, in this thesis, I will focus on the characterization of its amino-
terminal HMG-box domain. I will present multiple lines of evidence supporting the 
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Abstract 
Integrity of the germline genome is essential for the production of viable gametes and 
successful reproduction. In mammals, the generation of gametes involves extensive 
epigenetic changes (DNA methylation and histone modification) in conjunction with 
changes in chromosome structure to ensure flawless progression through meiotic 
recombination and packaging of the genome into mature gametes. Although epigenetic 
reprogramming is essential for mammalian reproduction, reprogramming also provides a 
permissive window for exploitation by transposable elements (TEs), autonomously 
replicating endogenous elements. Expression and propagation of TEs during the 
reprogramming period can result in insertional mutagenesis that compromises genome 
integrity leading to reproductive problems and sporadic inherited diseases in offspring. 
Recent work has identified the germ cell associated PIWI Interacting RNA (piRNA) 
pathway in conjunction with the DNA methylation and histone modification machinery 
in silencing TEs. In this review we will highlight these recent advances in piRNA 
mediated regulation of TEs in the mouse germline, as well as mention the repercussions 
of failure to properly regulate TEs. 
 
 
Mammalian Germline Specification and Reprogramming 
Following fertilization, male and female haploid pronuclei fuse to form the diploid 
nucleus of the mammalian zygote. After several rounds of cleavage, the blastocyst is 
generated (at embryonic day 3.5, E3.5) where a group of interior cells, called the inner 
cell mass, will give rise to the embryo proper. The identity of these early embryonic cells 
is thought to be determined and established based on their position and inductive cues 
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they receive from neighboring cells. Prior to gastrulation (E6.5), a small subset of cells at 
the junction between the embryo and extra-embryonic tissue (the posterior epiblast) is 
induced by ligands of the Bone Morphogenic Protein (BMP) family to initiate a germ-cell 
developmental cascade (Figure 1A) [1-4]. After gastrulation, these germ cell precursors 
(often referred to as primordial germ cells or PGCs) reside at the most posterior region of 
the epiblast and then migrate to the genital ridge, the future gonad. During germ cell 
migration, PGCs begin to undergo epigenetic changes that include loss of 
transcriptionally repressive marks such as DNA methyl-cytosine [5, 6]. When germ cells 
reach and colonize the genital ridge (E10.5), the rate of epigenetic changes increases 
rapidly and in the case of DNA de-methylation is completed within days [7].  This 
process (called “epigenetic reprogramming” or simply “reprogramming”) is thought to 
allow PGCs to reacquire a pluripotent state [8] and to establish a “blank” genome for 
which to “paint” the sex-specific imprints of the embryo [9-13].   
 Unlike this equal epigenetic erasure that occurs contemporaneously in both sexes   
[14, 15], the timing of meiotic entry and the re-establishment of DNA methylation 
between males and females is dimorphic (Figure 1B) [16]. In females, the entire germ 
cell pool enters meiosis before DNA re-methylation during embryonic development 
(E13.5), arrests at prophase I, and establishes primordial follicles. At puberty and at each 
subsequent estrous cycle, a subset of primordial follicles are recruited for maturation 
where growth and re-methylation occurs [17]. The completion of the first round of 
meiosis (MI) occurs during ovulation while the second round (MII) is only completed 
upon fertilization of the ovum.  
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Figure 1. Germline Specification and Reprogramming:  
A) After fertilization, cellular division produces the blastocyst containing the inner cell 
mass (ICM - light grey). After implantation, the ICM will give rise to the epiblast (light 
grey) from which the embryo proper forms.  BMP signals from extra-embryonic tissue 
(dark-grey) induce primordial germ cells (PGCs - green). After gastrulation, PGCs end up 
at the posterior of the embryo and migrate to the genital ridge (red), (extra-embryonic 
tissue not shown).B) Epigenetic reprogramming and meiotic entry in male and female 
germ cells. PGCs in the gonad undergo DNA demethylation (indicated by lighter 
shading). Male germ cells re-establish DNA methylation (dark blue) before meiotic entry 
after birth. Female germ cells re-establish DNA methylation (dark pink) after birth. PGCs 
- primordial germ cells, hypo 5meC - de-methylated PGCs, G - gonocyte, PSP - 
prospermatogonia, Sp - Spermatogonia, PMS - pre-meiotic S-phase, M - meiocyte, PF - 
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In males, DNA methylation in germ cells (termed prospermatogonia at this time) begins 
to be reestablished during embryonic development (E18.5) and is completed by postnatal 
day 2 (P2). Meiosis in males initiates from spermatogonia, the stem cell pool established 
by prospermatogonia, after birth in waves spaced several days apart (10 days in the 
mouse) and is completed within one to two weeks, depending on the species (~12 days in 
the mouse) [18]. The accurate progression through meiosis in males is highly contingent 
on the re-establishment of methyl-cytosine marks that were erased in PGCs [19-21]. 
Female meiosis is also dependent on DNA methylation [22]; however, meiosis in females 
can be completed in the absence of the DNA methylation machinery required for male 
meiosis [19-21]. Thus, DNA methylation is essential to the mammalian germline in both 
sexes, however, to varying degrees. 
 A major reason, although not exclusive, for the re-establishment of DNA 
methylation is that it is the primary mode of silencing TEs in mammals. TEs are selfish 
DNA elements highly abundant in mammalian genomes, which cause DNA damage via 
transposition [23-25]. Deposition and maintenance of methyl-cytosine is mediated by the 
DNA methyltransferases (DNMT), which are required to silence expression of TEs [26]. 
In addition to the DNMTs, work within the last several years has shown that the piRNA 
pathway is essential for de novo DNA methylation of TEs [27, 28]. Members of this 
pathway associate with germline enriched piRNAs (26-31nts long), allowing for 
recognition and silencing of TEs. Why is epigenetic silencing of TEs, especially in the 
context of the germline, so important in mammalian germline development? What are the 
key pathways (their constituents and molecular mechanisms) involved in silencing of 
TEs, and what are the repercussions of their absence? These and other questions will be 
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discussed in the following sections. 
 
Eukaryotic Genomes and the Transposable Element Challenge 
Metazoan genomes are generally large, containing DNA measuring in the thousands of 
megabases; however, the fraction that had been thought to be functionally important 
(coding sequences and their regulatory elements) comprises less than two percent of the 
genome depending on the organism [24, 29]. The Human Genome Project revealed many 
surprises about the organization and content of the human genome, one of which is the 
large presence of repetitive elements. Repetitive elements within the human genome 
include transposable elements (TEs), mobile pieces of DNA that were initially discovered 
in maize by Barbara McClintock [30]. TEs make up roughly ~45% of the human genome 
and can be divided into DNA and RNA TEs [24]. DNA based transposons propagate by a 
“cut and paste” mechanism using a transposase enzyme for their excision and insertion 
[31]. RNA TEs replicate via an RNA intermediate and comprise up to 42% of the human 
genome. These TEs consist of Long Terminal Repeat (LTR) and non-LTR TEs. 
Structurally, LTR TEs resemble and appear to be forbearers of retroviruses that gained 
the capacity for horizontal transfer through acquisition of an Envelope gene [32]. The 
non-LTRs TEs represent the biologically most relevant class since they are the only 
active transposons in humans and comprise the majority of TEs in the human genome 
(~34%) [24, 29, 33, 34]. This class can be subdivided into autonomous (TEs capable of 
transposition) and non-autonomous (TEs dependent on autonomous elements for 
transposition) that comprise 21% and 13% of the genome, respectively. Long 
interspersed nuclear elements (LINE-1 or L1) are the autonomous elements, while the 
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non-autonomous include short interspersed nuclear elements (SINEs). Both autonomous 
and non-autonomous transposons are of serious concern for germline development as 
indicated by the activation of these elements during the reprogramming window. The 
spotlight belongs especially to L1 elements, whose ability to retrotranspose themselves 
and mobilize other non-autonomous elements has been linked to reproductive disorders 
and other diseases [35-37].  
 
LINE-1 Transposable Elements as Mutagens 
L1 expression can be detected in the germ line, during embryonic development, in 
neuronal tissue, and cell lines derived from various cancers [38-44]. The L1 life cycle 
begins with transcription of the element by RNA polymerase II. The L1 mRNA encodes 
two proteins [Open Reading Frame 1 and 2 proteins (ORF1p and ORF2p) described in 
the following section] that facilitate L1 mRNA reverse transcription and integration at 
novel locations in the genome (Figure 2A). Detailed mechanisms of L1 insertion into the 
genome (termed target-primed reverse transcription, TPRT) have been reviewed 
previously [45-47], however, it should be emphasized that the complete mechanism of L1 
insertion is not fully understood. Insertion into new genomic locations is detrimental to 
genome integrity as it produces DNA breaks and has the potential to disrupt gene-coding 
regions [48]. For example, L1 mediated mutagenesis described 20 years ago, was shown 
to be the causative agent of hemophilia A [49]. In addition, an increase association of L1 
and its encoded proteins in human diseases (i.e. cancers) [37, 50] suggests TEs as the 
etiological basis for these diseases and mandates a better understanding of proteins 
encoded by L1 elements and of their regulation. 
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ORF1p and ORF2p 
The first open reading frame of the L1 dicistronic mRNA encodes ORF1p [51]. ORF1p is 
a roughly 40kD RNA binding protein that forms a trimer in solution and binds L1 mRNA 
via its noncanonical RNA-recognition motif [52-58]. ORF1p preferentially binds its 
coding mRNA thereby facilitating cis-TPRT (Figure 2A) [54, 57, 59]. The binding of 
ORF1p to L1 RNA is independent of ORF2p and is important for the formation of 
ribonucleoprotein complexes thought to chaperone L1 mRNA back into the nucleus [60-
62]. The second open reading frame, ORF2p, encodes a 150kD protein with 
endonuclease (EN) and reverse transcriptase (RT) activities [63, 64]. Both ORF1p and 
ORF2p are required for retrotransposition of L1. Besides facilitating L1 transposition, 
ORF2p is required for non-L1 element transposition such as SVA or SINEs in trans by a 
similar TPRT mechanism [65]. Retrotransposition assays in HeLa cells have shown that 
EN and RT activities of ORF2p alone are sufficient for SINE retrotransposition, but the 
efficiency of this process is increased in the presence of ORF1p [66]. Expression of L1 
mRNA and its encoded proteins poses significant threats to the genome. The 
ramifications are most serious in the context of the germline, since resulting defects can 
be fixed and inherited by successive generations thereby expanding the active TE 
population. In order to keep the TE threat at bay, epigenetic control mechanisms, 
described in more detail below, have been adapted and refined over evolutionary time to 
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Figure 2. Transposon regulation in the germline: A) Transposable elements are 
transcribed during the period of genome reprogramming (a). TE mRNA is then 
transported to the cytoplasm (b), encoded proteins (ORF1p and ORF2p) are translated 
allowing for the assembly of the ribonucleoprotein particles (RNPs) (c). RNPs are then 
transported back into the nucleus and integrated into new genomic locations (d) via 
target-primed reverse transcription (TPRT), which consequently results in genomic 
instability. B) Primary (1º) and secondary (2º) piRNAs are proposed to be generated in 
the pi-Body and piP-Body, respectively. These piRNAs facilitate de novo DNA 
methylation (by DNMT3a/DNMT3L complex) to silence transposon expression. The 
exact mechanism of piRNA-guided DNA methylation remains to be elucidated, however, 
several implicated genes in this pathway are shown. 
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Epigenetic Reprograming 
DNA methylation and L1 expression 
Erasure of methyl-cytosine marks during germ cell development (starting at E10.5 in 
mouse PGCs) is crucial for establishment of sex-specific imprinting [26], but also 
provides an opportunistic environment for L1 propagation as methylation of the upstream 
regions of L1 is essential to maintain their silenced state [67-69]. In the male germline, 
this mark is re-established by the de novo methyltransferases DNMT3a and 3L and 
maintained by DNMT1 [20, 21, 70-75]. Deletion of DNMT3a or 3L results in activation 
of TEs in the male germline resulting in apoptosis of spermatocytes and sterility. 
Interestingly, in male germ cells lacking DNMT3a or 3L the methylation patterns of 
satellite DNA remain unperturbed suggesting this complex specifically targets TEs [20, 
74]. The female germline can develop mature oocytes and ova without DNMT3a, 3b, or 
3L but the resulting ova are incapable of supporting embryonic development [19-21]. 
Mechanistically, DNMT3L binds to and stimulates DNMT3a, which then transfers a 
methyl group from S-adenosyl-L-methionine to the fifth carbon on cytosine [75]. The 
DNA substrate preference for this complex has been suggested to be transposon regions 
enriched in CG dinucleotides [76, 77], however, the exact mechanism of how the 
DNMT3 complex is targeted to specific regions of the genome (i.e. TEs) is not clear. One 
possibility is that the DNMT3 complex is guided to genomic sites through 
complementarity to a small RNA as is the case with Arabidopsis [78, 79]; however, Ross 
et al. have called this idea into question using an in vitro approach [80]. It has been 
shown that DNMT3L interacts with the non-methylated tail of histone 3 (H3) [81, 82]. 
The presence of H3 lysine 4 methylation (H3K4) abolishes this interaction and prevents 
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de novo DNA methylation [81, 82]. These results suggest H3K4 methylation could be the 
targeting mechanism for the DNMTs to regulate to TEs. 
 
Histone modifications and TE silencing  
Recent work has shown other histone tail modifications involved in regulating TEs in 
addition to H3K4 methylation. Acetylation of histone tails was implicated in human 
embryonic carcinoma cell lines where the silencing of a L1 transgene was alleviated by 
the addition of the histone deacetylase inhibitors [83]. Biotinylation of H4K12 and 
H2AK9 was shown to be essential for silencing TEs in human and mouse cell lines and 
Drosophila [84, 85]. In addition, increased levels in acetylated H3 and H3S10 
phosphorylation upregulate expression of specific transposable elements [86, 87]. Work 
in Arabidopsis implicated deubiquitination of H2B and H3K9 demethylation with TE 
expression [88]. These results lead to further questions about whether there is one or a 
combination of histone modifications specific to TEs. Indeed, on a genome-wide level 38 
histone modifications show enrichment at TE regions, further suggesting more complex 
regulation besides H3K4 methylation [67]. However, detailed analysis of histone 
modifications of TEs in animal models have not been performed thus far. The 
modification of histone tails could be the targeting mechanism for the DNMT3 enzyme 
complex, however, this begets the question as to how the histone modifiers themselves 
are targeted to TEs within the genome. Recent work, which we will describe below, has 
shown that the additional targeting mechanism for histone modifiers could include the 
piRNA pathway, a class of small RNAs predominately expressed in the germline, thought 
to facilitate genomic TE recognition. 
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The piRNA Pathway-Mechanistic Overview 
The Discovery of piRNAs in Drosophila and Mouse 
The existence of piRNAs were hinted at in Drosophila [89, 90] but were named repeat-
associated RNAs (rasiRNAs) [91]. The breakthrough in understanding piRNA biology, 
however, was not until next generation sequencing became available. In 2006, four 
groups reported the discovery of RNAs bound to the rodent homologs of PIWI proteins 
[92-95], demonstrating that these were longer (26-31nt) than miRNAs and siRNAs, were 
encoded in clusters throughout the genome, predominately correspond to TE sequences, 
and are specific to testes. All four studies differentiated these novel small RNAs (named 
piRNAs for their association with PIWI proteins) from miRNAs and siRNAs since 
piRNAs mapped to regions that did not produce either a dsRNA or hairpin intermediate 
and appeared to originate from transcripts several kilobases long [92-95]. Shortly 
thereafter, Drosophila rasiRNAs from testes were characterized as piRNAs and shown to 
be generated by a distinct pathway from miRNAs and siRNAs [96]. 
 
The Primary piRNA Pathway 
Characterization of piRNAs since 2006 has shown that piRNAs are generated via two 
distinct molecular mechanisms, the primary and secondary/amplification (or “ping-
pong”) pathways [97-99]. Considering the large tandem arrays of piRNAs in the genome, 
primary piRNAs are thought to be transcribed as long ssRNA transcripts [28, 97]. 
However, whether a multi-kb RNA transcript is produced and gets processed into mature 
piRNAs remains to be determined. The molecular players at the top of the primary 
pathway have only recently been described using Drosophila genetics. Four groups 
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independently showed that an RNA helicase (Armitage, Armi), a Tudor domain protein 
(Yb), and an exonuclease (Zucchini, Zuc) are required for the generation of primary 
piRNAs that are loaded onto Piwi protein [100-104]. A mechanistic model for primary 
piRNA production based on these papers suggests that Yb may act as a scaffold 
(analogous to murine Tudor domain proteins) bringing together all the players into a 
cytoplasmic body (the Yb body) [105]. Armi and Zuc, in the Yb-body, process pre-
piRNA transcripts into mature piRNAs that are then loaded onto Piwi, allowing Piwi to 
enter the nucleus and mediate silencing [100-102, 104]. However, the molecular 
mechanism of downstream TE silencing in Drosophila is unclear. It is possible that 
piRNAs recognize RNA transcripts and target them for degradation since the Yb body 
sits adjacent to Processing Bodies (sites of RNA degradation) [105, 106]. Alternatively, 
silencing may include piRNA-mediated recognition of DNA targets that then mediate 
epigenetic changes of these genomic targets to keep them off. 
 
The Secondary/“Ping-pong” Pathway 
The main effectors of the “ping-pong” pathway are the two other Drosophila encoded 
PIWI proteins, Aubergine (Aub) and Argonaute3 (Ago3). Initiation of piRNA mediated 
silencing begins with transcripts from piRNA loci (antisense with regard to TEs), that are 
processed to functional size RNAs and bound by Aub [97]. The Aub-piRNA complex 
directs the cleavage of sense TE transcripts to generate degradation products that are 
processed and loaded onto Ago3 [97]. The Ago3-piRNA complex can then direct the 
cleavage of antisense transcripts to produce sense degradations products that also get 
processed and loaded onto Aub, thus completing the loop, or so called “ping-pong” cycle. 
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The main signature of the secondary pathway is the complementarity between the first 
10nt of Aub and Ago3 piRNAs, where the uridine (U) predominates as a first base of 
Aub piRNAs, and adenine (A) as tenth of Ago3 piRNAs [97]. This 1U-10A “ping-pong” 
signature is absent from the primary piRNA pathway in Drosophila [98, 99, 107]. As a 
result of back-and-forth interactions of Aub and Ago3, genomic or maternally deposited 
piRNAs can be amplified and their targets silenced [97, 108]. The downstream 
mechanism TE silencing by the piRNA pathway in Drosophila is thought to include 
recruitment of the RNA degradation machinery and a yet to be described epigenetic 
silencing mechanism that keeps TEs in a silent state [109, 110]. In the case of the mouse 
piRNA pathway, the major downstream epigenetic mechanism implicated in repression 
of TEs is the establishment of DNA methylation, which is absent in Drosophila. Major 
murine counterparts of the Drosophila piRNA pathway components are described in 
detail below.  
 
The piRNA pathway in the Male Mouse Germline 
When mouse PGCs enter the genital ridge (E10.5), DNA methyl marks on cytosine are 
erased [7], relieving the suppression of TEs. The especially prominent expression of L1 
TEs is corroborated by the presence of ORF1p at E15.5 and E14.5 in females and males, 
respectively [111, 112]. It is essential that DNA methylation of these TEs be re-
established in embryonic male germ cells; failure to do so results in TE transcript 
accumulation, transposition-induced DNA damage, defects in homologous chromosome 
synapsis, meiotic arrest, and sterility [20, 74, 113]. Interestingly, in the male, certain 
piRNA pathway components [the PIWI proteins MILI & MIWI2, Maelstrom (MAEL), 
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GASZ, Mouse Vasa Homolog (MVH), TDRD1, and TDRD9] begin to accumulate before 
ORF1p is detected as if anticipating the release of L1 inhibition [28, 112, 114-116]. 
Unlike in Drosophila, there is a substantial presence of both primary and “ping-pong” 
cycles in male mouse embryonic germ cells which complicates the molecular dissection 
of this pathway [28, 112]; nevertheless, many studies of mouse mutants have elucidated 
certain aspects of the piRNA pathway in the male germline (Table 1).    
 
The pi-Body: the presumed site of the Primary piRNA pathway 
The upstream components of the primary pathway include MOV10L1, GASZ, MILI, 
TDRD1, and MAEL. The cytoplasmic organization of the male embryonic pathway is 
such that most of the upstream components (MOV10L1, GASZ, MILI, and TDRD1) 
reside in the piRNA-Body or pi-Body (previously known as the intermitochondrial 
cement) while MAEL (along with MIWI2, and TDRD9) resides in the adjacent 
cytoplasmic structure termed the piRNA-Processing Body or piP-body (Figure 2B) [112, 
115, 116]. Of these primary components, only MAEL has been localized to the nucleus 
by immunofluorescence [112]. MOV10L1 (a homolog of Armi) is required for the 
generation of primary piRNAs, which in the mouse are sense with respect to TEs [117, 
118]. In Mov10l1 mutants, total small RNA deep sequencing at P10 fails to detect 
piRNAs and immunoprecipitation of MIWI2 and MILI at P0 (before meiosis initiates) 
shows that these proteins are devoid of piRNAs as well [118]. MOV10L1, like 
Drosophila Armi, is therefore required for the primary piRNA pathway. piRNA defects 
in mutants for the mouse homologues of Yb (TDRD12) and Zuc (PLD6) are yet to be 
reported. GASZ, a protein with many protein-protein interaction motifs [119], was found 
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to be required for correct localization of MILI and for expression of many piRNA 
pathway proteins [115]. The mislocalization of MILI in Gasz mutants suggests GASZ 
may play the role of Drosophila Yb (which localizes PIWI) in the mouse possibly with 
TDRD12 (Yb). In the Gasz mutant, piRNAs are drastically reduced but not absent at P7, 
P10, and P14 based on total small RNA sequencing. Germ cells deficient for TDRD1 
show a disproportionate accumulation of sense, exonic-derived piRNAs (as opposed to 
piRNAs from non-coding regions such as TEs) in purified MILI complexes by P15, 
which suggests that TDRD1 helps direct proper piRNA selection and loading onto MILI 
[120, 121]. However, the localization of MILI to the pi-body is not affected in Tdrd1 
mutants. 
 Mael mutants show an interesting phenotype in embryonic and perinatal male germ 
cells. At E16.5, MAEL deficient germ cells correctly localize MILI and TDRD1, 
however they show a complete absence of piRNAs suggesting that MAEL functions in 
the primary piRNA processing pathway unlike Drosophila Mael [100, 112, 113]. Perhaps 
MAEL aids in the initial production of piRNAs as it is the only primary piRNA 
component localized to the nucleus, however, why MAEL also localizes to a distinct 
cytoplasmic body from the other primary components is unexplained. Unexpectedly in 
the Mael mutant, at P2 piRNA profiles recover to near wild-type levels. piRNA recovery 
may result from spurious degradation products generated by the RNA degradation 
machinery leading to the production of small RNAs that encounter MILI, which then 
initiates the “ping-pong” cycle [122]. Since total small RNA profiles from embryonic 
testes in Mov10l1, Gasz, and Tdrd1 mutants were not analyzed, this piRNA recovery seen 
in Mael mutants may not be unique.  
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 Absence of MILI results in a loss of most piRNAs corresponding to TEs [27, 28]. 
The loss of these piRNAs leads to a failure to re-methylate TEs in male embryonic germ 
cells, which then leads to massive upregulation of L1 in meiosis. Taken together, 
MOV10L1 and MAEL appear to be responsible for the production of piRNAs, GASZ for 
the correct localization of MILI, and TDRD1 for proper piRNA loading of MILI, which 
is essential as MILI is the main effector protein of the pathway. Similar to the Mili 
phenotype, absence of MOV10L1, GASZ, and TDRD1 results in activation of L1 during 
male meiosis as a consequence of their unsuccessful DNA methylation, which results in 
DNA damage, synapsis and pairing defects, meiotic arrest, apoptosis, and ultimately 
sterility [27, 28, 112, 113, 115, 117, 118, 123].  
 
The piP-Body: the presumed site of the Secondary piRNA pathway 
Major players of secondary piRNA pathway are piP-body resident proteins - MIWI2, 
TDRD9, and MVH (Figure 2B) [112, 116]. The antisense identity of piRNAs associated 
with MIWI2 indicate that MIWI2 is downstream in the ping-pong cycle, associating with 
piRNAs generated by MILI presumably in the pi-body [28]. Complementarity of MIWI2 
antisense piRNAs with L1 transcripts suggests an mRNA recognition and degradation 
pathway involving MIWI2’s PIWI domain [27, 116, 124-126]. A direct role of MIWI2 
mediated cleavage as the sole mechanism of TE transcript degradation is complicated by 
the fact that Processing Body (P-body) components also localize with MIWI2 [112]. P-
bodies have been shown in yeast and cell culture studies to be sites of mRNA degradation 
and mRNA storage [127, 128]. It is possible that MIWI2 recruits P-Bodies to aid in the 
degradation of TE transcripts; however, MIWI2 can also localize to the nucleus where 
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piRNAs associated with MIWI2 may recognize TE nascent transcript by 
complementarity that then recruit the DNMT proteins [27, 28]. TDRD9, which is the 
mouse homolog of Spn-EHls, also has a similar localization pattern as MIWI2 suggesting 
that it aids MIWI2 in generating secondary piRNAs and helping in an RNA directed 
DNA methylation (RdDM) process [116, 129-132]. Indeed, Tdrd9 mutants show a 
decrease in secondary piRNAs by total small RNA deep sequencing, however, the 
localization of MIWI2 is unaffected in the absence of TDRD9 [116]. The correct 
localization of MIWI2 in the Tdrd9 null background suggest that either MIWI2 can 
localize to the nucleus on its own or that there is another component that aids in its 
localization. 
 MVH (an RNA helicase) localizes to both the pi-body and the piP-body [133, 134]. 
In the Mvh mutant, embryonic germ cells show a decrease (20% of normal levels) but not 
an absence of piRNAs, with a preferential loss of MIWI2 associated piRNAs. In fact, 
immunoprecipitation of MIWI2 fails to detect associated piRNAs, suggesting MVH 
facilitates their loading onto MIWI2. Loss of MIWI2 piRNAs and sequence analysis of 
the remaining piRNAs suggest that the primary pathway is intact but the secondary 
pathway is compromised. The localization of the primary and secondary pathway 
components (MIWI2 and TDRD9) in embryonic germ cells shows that only TDRD9 is 
correctly localized in the absence of MVH, which is at odds with studies implicating 
other upstream components in TDRD9 localization [116, 134] MILI and TDRD1 
mislocalization and concurrent production of primary piRNAs (albeit at a lower level to 
wild type) suggests that the primary pathway does not require proper pi-body formation. 
The inability to load MIWI2 with piRNAs, however, suggests that pi-body formation 
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and/or piP-body localization of MIWI2 is required for piRNA loading of MIWI2. Since 
MVH is an RNA helicase and localizes to both the pi-body and the piP-body, it is 
tempting to speculate that MVH shuttles piRNAs between these bodies, however, MVH 
does not associate with piRNAs [134].   
 Mutations in all the above-mentioned mammalian piRNA components (MILI, 
MIWI2, MAEL, MOV10L1, GASZ, MVH, TDRD1, and TDRD9) lead to a reduction of 
piRNAs and failure to silence TEs (Table 1). Although all the phenotypes suggest an 
RdDM mechanism, a direct association between several of the above mentioned 
components (in particular MIWI2) fail to detect the presence of any DNMT proteins 
(either 1 or 3), and the reverse is also true (DNMT3L immunoprecipitation fails to detect 
piRNA proteins) [81, 135, 136]. These data suggest there is an intermediate step between 
MIWI2 recognition of TEs and recruitment of DNMTs. It seems likely that the gap 
between TE methylation and piRNA mediated silencing is bridged by modification of 
histone tails, which could function to recruit the DNMTs to specific sites. However this 
speculation has not yet been corroborated by experiments.  
 
Summary and Perspectives 
Proper repression of TE activity is vital for maintaining the integrity of the genome. In 
order for the development of gametes competent for fertilization TEs must be silenced. In 
the male germline, silencing of TEs (in particular L1) occurs before meiosis, and is 
achieved by the DNMT enzymes in conjunction with the piRNA pathway.  
 
 






Domains Function Mouse Mutant Phenotype Reference 
Mili Aubergine PAZ, PIWI 
Binds 1º piRNAs, 
generates 2º piRNAs, 
required for piP-Body 
formation 
Loss of most piRNAs, 
failure to methylate TEs, 





Miwi2 Ago3 PAZ, PIWI 
Binds 2º piRNAs, 
possible effector of 
RNA-directed DNA 
methylation 
Loss of 2º piRNAs, failure 
to methylate TEs, 










Generates 1º piRNAs 
and/or loads piRNAs 
onto Mili 
Loss of all piRNAs, failure 
to methylate TEs, 








pong” pathway & 
loading Miwi2 with 
piRNAs 
Reduced levels of piRNAs 
(20% of WT), 
mislocalization of many 
piRNA components, 








Ensures proper piRNA 
loading onto Mili, 
required for piP-Body 
formation 
Increase in exon-derived 
piRNAs onto Mili, failure to 
methylate TEs, upregulation 









Ensures production of 
2º piRNAs 
Reduction of 2º piRNAs, 
increase of 1º piRNAs, 
failure to methylate TEs, 
upregulation of L1 at 
meiosis 
107 
Tdrd12 Yb 1 Tudor domain Not examined None reported N/A 
Pld6 Zucchini PLDc Not examined None reported N/A 
Mael Mael HMG-like Box 
Required for proper 
timing of 1º piRNA 
production, required for 
piP-Body formation 
Loss of all piRNAs at 
E16.5, recovery of piRNAs 
by P2, failure to maintain 









Required for pi-Body 
formation and 




Reduction of 1º and 2º 
piRNAs, mislocalization of 
Mili & Tdrd1, reduced 




Table 1. Mouse embryonic piRNA pathway components: Genes implicated in the 
mouse embryonic piRNA pathway, their Drosophila homologs, encoded domains, and 
deduced function based on mutant phenotype. 1º - primary, 2º - secondary 
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Failure to silence these elements in the male leads to meiotic arrest and apoptosis due to 
massive DNA damage cause by unchecked L1 insertion events. In addition to the 
germline, L1 activity has the potential to compromise genome integrity in all cells as 
each cell contains thousand of copies of L1 encoded in their genome. Indeed, L1 activity 
has been linked to many cancers and correlated with several diseases [36]. The question 
remains whether the association of L1 TEs with these cancers is a causative agent or just 
a correlation. If this is just correlated, L1 may serve as a useful diagnostic tool. For 
example, studies in breast cancers have correlated nuclear localization of ORF1p with 
decreased survival of patients compared to patients with predominantly cytoplasmic 
ORF1p [38]. 
 While the activity of TEs is largely viewed to have a negative consequence for 
genome integrity, there are several lines of evidence that suggest transposons and 
transposon encoded genes exert a positive effect. In one case, transposition of the Het-A 
DNA transposon comprises and maintains the telomeres of Drosophila [137, 138]. In 
several other cases, it has been the usurpation of TE encoding genes for the benefit of the 
host. The most well known example in humans are the RAG recombinases, which are 
thought to have originated from a DNA transposon [139]. A recent study of a ciliated 
protozoan, Oxytricha trifallax, demonstrated that TE derived transposases facilitate large-
scale genome rearrangements and removal of transposon sequences in the maturing 
macronucleus [140-142]. Mammalian genome-wide analysis suggests that TEs influence 
mutation and recombination rates in the germ line [143]. In addition, the TE landscape in 
various genomes may be indicative of their role in chromosome biology and evolution, 
for example there is an enrichment of TE elements on sex chromosomes [144]. 
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Furthermore, multiple reports implicate endogenous reverse transcriptase (ORF2p of L1) 
to be involved in regulation of the embryonic gene activation, modulation of growth, and 
proliferation of germ cells [145-147]. However, more in-depth understanding of TEs, 
their encoded proteins, and their effects within their genomic location is required to be 
able to attribute specific functions to transposons.  
 TEs have also been useful for the biomedical community. The ability to randomly 
integrate into the genome has made TEs a prime subject for developing genetic tools 
[148]. One of the most well established system is the P-element (a DNA transposon) used 
to manipulate the Drosophila genome [149, 150]. The P-element has been utilized in 
numerous genetics screens and has lead to production of thousands of genetic lines that 
have been invaluable in dissecting multiple pathways in numerous tissues [151]. In fact, a 
P-element genetic screen uncovered PIWI (P-element Induced WImpy testis) [152]. A 
more recent and versatile TE is the Sleeping Beauty (SB) transposon, a “resurrected” 
transposon capable of hopping in numerous genomes [153]. Mobilization of this element 
has been shown to result in somatic and embryonic cancer when induced [154-157]. The 
SB TE has also been utilized to generate transgenic rats as well as in gene therapy using 
animal models [158]. Modifications of TEs to carry vital genes and to control their 
insertion will be of great interest for future gene therapy trials.   
 Although much information has been gained from work on TEs and the piRNA 
pathway, many questions remain. It is beyond the scope of this review to list all the 
questions here, however, we would like to highlight some of the most intriguing avenues 
that are currently being pursued. In the immediate future, the field of mammalian 
piRNAs would be advanced by an understanding of the mechanism that ties the piRNA 
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pathway with methylation of DNA, as neither PIWI proteins nor DNMTs associate 
together in a complex [81, 135, 136]. Concerning the female piRNA pathway, very little 
is know as most piRNA pathway mutants are female fertile [113, 115, 116, 123, 133, 
159]. Does the lack of a female piRNA phenotype suggest there is no role for piRNAs in 
the female germline and/or that there is a redundant mechanism that ensures the silencing 
of TEs in primordial follicles [160]? Perhaps the difference between the male and female 
germline in their dependency on the piRNA pathway may be attributed to the difference 
in timing of DNA methylation in meiosis. The post-meiotic methylation of the female 
genomes leads us to question how the primordial follicles are protected from TEs during 
meiosis. On a global scale, should there be a concern about the increasing use of RT 
inhibitors used to combat the global AIDS pandemic considering the endogenous L1 
activity in sperm, embryos and in neurons [38-44, 145-147]? 
 We have come a long way in understanding the biology of transposable elements 
and the mechanisms that regulate them since the first discovery of these elements in 
1950.  With the increasing availability of next generation sequencing, more sophisticated 
whole-animal genetic manipulations, and advancing live-cell imaging techniques we are 
on the verge of some remarkable discoveries regarding TEs, their role within our 
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Maelstrom 
 The Maelstrom gene was identified via a P-element-induced female-sterile screen 
in Drosophila melanogaster where its deletion led to mislocalization of multiple RNAs 
involved in early-oocyte development and axis establishment. In this first study, Mael 
was suggested to play a role in anchoring MTOC in early oocyte and/or short-range 
transport of RNAs to proper sites [161]. Later Mael was shown to co-localize with Vasa, 
an RNA helicase, in cytoplasmic structures found in the periphery of nuclei of germ cells 
known as nuages [162-164]. In addition to nuage, in the fruit fly, Mael shuttled between 
nuclear and cytoplasmic compartments [165], and chromatin immunoprecipitation (ChIP) 
of fruit fly Mael suggested that it may be binding DNA and, by doing so, regulated germ 
cell fate [166]. In the mouse, MAEL was shown in proximity to nuclear pores, in 
cytoplasm, but unlike in the fruit fly, it was enriched in the cytoplasmic nuages [112]. 
Despite its low nuclear abundance in the mouse, the results from the fruit fly suggested 
that Mael might be a DNA-binding protein influencing chromatin.  
 
piRNAs On The Scene 
 Meanwhile, a novel type of small RNAs that interact with piwi proteins (piRNAs) 
appeared on the scene as prominent regulator of germ-cell development. piRNAs are 26-
31 nt in length and originate from genomic positions that either correspond to 
transposable elements or to the UTR regions of genes. These mRNAs sediment in heavy 
polysome fractions; therefore, piRNAs originating from them were suggested to play a 
role in translational regulation [91-93, 167]. Deletion of the MIWI2, one of the mouse 
Piwi homologues required for piRNA pathway, confirmed up-regulation of transposable 
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elements, which was attributed to loss of DNA methylation on their sequences [123, 
168]. A similar phenotype was observed upon deletion of mouse MAEL [112]. 
Furthermore, in the absence of MAEL, the localization of MIWI2 and other piRNA-
related proteins was disrupted, highlighting the requirement for this protein in context of 
piRNA pathway in cytoplasm [111]. Unlike the fruit fly, mouse MAEL localizes 
primarily to nuages in the cytoplasm, and its nuclear localization is obscure and most 
apparent in early embryonic stages [112]. Immunoprecipitation experiments of mouse 
MAEL show that it directly interacts with multiple piRNA pathway proteins, and 
complexes containing it are enriched with piRNA precursor and retrotransposon 
transcripts [154]. Despite of all these observations, the biochemical function of MAEL 
protein is still not very clear. In an effort to address this, two computational studies have 
identified the presence of an RNAse H-like fold in central Maelstrom-specific domain 
(MSD) [169, 170]. A presence of RNAse H-like domain, association with pre-piRNA 
transcripts, and lack of nuclear localization in the mouse would suggest that mouse 
MAEL may be involved in interactions with RNA instead of DNA. While this is 
consistent with the majority of fruit fly studies, some suggest that Mael may have 
additional nuclear functions [166, 171]. While the presence of amino-terminal high 
mobility group (HMG) –box domain required in vivo may suggest this, such functions 
were never experimentally supported [172]. Therefore, MAEL’s prominent association 
with piRNA pathway and its domain composition paint a picture of where it is involved 
with cytoplasmic nucleic acids (RNA). 
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MAEL and Transposon Silencing  
 Transposable elements (TEs) are abundant in eukaryotic genomes [173]. First class, 
retrotransposons, propagate through an RNA intermediate in a copy-and-paste fashion 
utilizing chaperone, endonuclease and reverse transcriptase activities encoded within full-
length elements [174]. Second class, DNA transposons utilize a cut-and-paste mechanism 
and their encoded transposase activity to move from one location in the genome to the 
next [175]. Both classes have been suggested to influence their hosts’ genomes in 
positive and negative fashions [176, 177]. Retrotransposons, most notably a family of 
long interspersed nuclear element 1 (LINE1 or L1), take advantage of an epigenetic 
reprograming window during germline development and propagate [7]. The piRNA 
pathway discussed above functions to regulate transposon activity through 
reestablishment of the DNA methylation at their promoter regions [19, 26, 27]. Faithful 
silencing of transposons requires Piwi proteins to be loaded with piRNAs to aid in de 
novo DNA methylation of their sequences [7, 26, 123, 178]. piRNAs are generated from 
transposable elements and specific genomic regions, termed piRNA loci, both of which 
are transcribed by RNAP II like many other cellular RNAs [96, 178, 179]. Prominent 
localization of the piRNA proteins in cytoplasmic bodies suggests that these transcripts 
are processed there [111, 180]. However, how transposon and piRNA precursor 
transcripts are selected is not yet known. Loss of MAEL in mice leads to increased 
expression of transposons and defects in translational regulation that may be affected by 
unengaged piRNA machinery [112, 181]. Therefore, MAEL may facilitate steps required 
for engagement of piRNA proteins with RNA molecules to be processed into piRNAs.   
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Section summary 
 MAEL is the only protein in the piRNA pathway whose biochemical function is not 
yet described. Its domain composition suggests that it may be able to interact with nucleic 
acids, using either its HMG-box and/or MSD domain. However, the annotation of MAEL 
domains does not reveal the type of nucleic acids that it may bind. This is due to the 
prevalent role of HMG-box domains in binding to DNA and lack of evidence for RNA 
binding by MSD. Because of unsuccessful attempts to purify full-length protein, I have 
decided to focus my efforts on the HMG-box of MAEL, which is amenable to in vitro 
biochemical methods and for which solution structure (of human counterpart) has been 
determined [182]. HMG-box domains are capable of great sequence specificities and are 
capable of binding both types of nucleic acids (DNA and RNA). Ongoing 
characterization of the piRNA pathway is still devoid of important biochemical activities 
required in most presented models. The question interesting to me is, “what is the specific 
selection and processing of transposon as opposed to genic mRNA?” Processing of an 
appropriate transcript is not only important for a response to transposons through the 
piRNA pathway but also for unperturbed translation. Therefore, HMG-box of MAEL 
makes an attractive candidate for a domain that may preferentially recognize transposon 
RNAs and aid in their shuttling. This type of activity would constitute a novel role for 
HMG-box, antagonizing over-emphasized DNA-binding abilities of HMG proteins, and 
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High Mobility Group (HMG) of Proteins 
 The HMG proteins were fortuitously identified over 40 years ago by Johns group 
[183]. In an effort to obtain pure preparation of histone H1, the Johns group devised a 
way of removing proteins contaminating the histone fractions. The contaminants were 
characteristic in that they were extractable with 0.35 M salt, soluble in 2% TCA and 
traveled fast and often aberrantly on the acrylamide gels. It was this last observable 
characteristic that inspired their current name, “high mobility group” proteins [183]. 
HMGs are generally small proteins ranging in size from ~9 to ~30 kDa and have a high 
content of charged residues that contributes to their aberrant migration in gels [183]. 
After almost 30 years under scrutiny, a systematic way of classification and naming was 
proposed, subdividing them into three superfamilies: HMGA, HMGN, and HMGB [184]. 
I will briefly describe structural characteristics of HMGA and HMGNs and then focus 
my attention on the HMGB superfamily, which is most relevant to this thesis.  
 
HMGA Superfamily 
 Proteins in the HMGA group are characteristic with an ‘AT-hook’ motif. This 
motif’s name is based on its preferential binding to AT-rich regions in the minor groove 
of DNA. A single AT-hook is a short, palindromic motif enriched in charged residues 
(lysines -K, arginines -R) that exists as a random coil when unbound [185]. Canonical 
HMGA proteins usually contain three AT-hooks, however as many as 15 motifs have 
been identified in plants [186, 187]. Binding to nucleic acid stabilizes motifs` 
confirmation, revealing a concave structure that snugly fits into the minor groove of the 
DNA. The palindromic orientation of the residues in the groove introduces only minimal 
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bent to the DNA backbone. Core motif sequence is usually flanked with prolines (P), 
bending the peptide backbone away from the helix and giving the motif “hook”-like 
appearance [185]. The protein-DNA interactions are stabilized through H-bonds of polar 
side-chains with AT bases and more importantly, by their hydrophobic interactions with 
the phosphate backbone sugars [185, 188]. Members of this superfamily are HMGA1 and 
HMGA2. Both of them interact biochemically with a great number of proteins, making 
them relevant to diverse biological processes and diseases that have been reviewed 
elsewhere [189, 190]. 
 
HMGN Superfamily 
 Members of this group are HMGN proteins 1-5. All of them possess unstructured 
nucleosome binding domain (NBD) with a completely conserved sequence of 8 residues 
(RRSARLSA) required for binding to the nucleosome core in vitro and in vivo [191]. 
While NDB binds the nucleosome protein core, the acidic C-terminus gets modified and 
contacts histone tails, thus conferring regulatory and epigenetic functions onto HMGNs 
[192]. Their binding overlaps that of H1, suggesting that they may compete [193] and, in 
doing so, dynamically modulate the accessibility to DNA [194]. While HMGN proteins 
are ubiquitously expressed in adults, they play prominent roles during embryonic 
development, affecting transcription factor binding [195]. The diverse roles and functions 
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HMGB Superfamily 
 The characteristic of the HMGB group of HMG proteins is a HMG-box fold. In this 
fold, three helices collapse into a L-shaped structure surrounding at the hydrophobic 
center with tryptophan residue (W). The tryptophan is highly conserved, and its mutation 
leads to loss of tertiary structure and concordant loss of specific binding; although a 
certain degree of nonspecific binding still remains [200, 201]. A single HMG-box has an 
unstructured N-terminus that continues into the first α-helix, which connects to the 
second α-helix via a short loop region. The amino-termini of these two helices 
commonly contain residues important to the domain’s nucleic acid-binding abilities [202-
204]. Helix one and two run in opposite directions to each other and form a short arm of 
the domain that is oriented roughly perpendicularly to the third, and commonly longest, 
α-helix. The domain fold concludes in an unstructured and often highly-charged C-
terminus of variable length, depending on protein. A model of the candidate HMG-box 
domain is shown in Figure 3.  
 The unstructured termini perform important roles in substrate interactions, affecting 
them in either a positive or negative manner [202, 205-207]. They lack secondary 
structure in solution, however, when binding to a substrate, they get stabilized through 
the formation of multiple electrostatic contacts with substrate, also stabilizing the whole 
complex [208]. HMG-box localization and functions are modulated by numerous post-
translational modifications, including acetylation, phosphorylation, or methylation, the 
majority of which are on residues in the unstructured termini and have been discussed 
elsewhere	  [209-213].  
 







Figure 3: Tertiary structure of a HMG-box domain. 
Three helices fold into a L-shaped structure encapsulating the tryptophan (W) in the 
hydrophobic center. The termini (N, C) are unstructured in the solution. Approximate 
locations of residues (X, Z) of primary importance to binding are highlighted in green. 
This figure is based on human SRY HMG-box (PDB ID: 1j46). 
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HMG-boxes and Double-Stranded (ds) DNA 
 HMG-box containing proteins can be divided into further categories based on the 
number of HMG-boxes present or their substrate preferences. The first group of HMG-
box proteins contains two or more domains (for example: HMGB1-4, mtTF1, ABF2, 
Drosophila Dsp1, UBTF) and have little or no sequence preference [214]. Instead, these 
proteins bind well to perturbed and structured DNA such as modified by cis-platin (Pt) or 
found within DNA four-way junctions (4WJ) [215-218]. The second group contains 
single HMG-box domains and consists primarily of transcription factors (for example: 
SRY, LEF-1, SOX proteins) that bind to DNA in highly sequence-dependent manner 
[203, 219, 220].  
 Structural studies of both, sequence-specific (SS) and non-sequence specific (NSS) 
domains have led to the elucidation of their binding mechanisms and identification of 
residues that play key roles in complex formation. SRY HMG-box (SS) recognizes 
specific sequence in the target DNA and intercalates isoleucine (Figure 4A) residue 
between the bases of consecutive minor groove adenine bases, thus perturbing base tilt 
and roll and causing the backbone to bend. Perturbation of the DNA helical geometry 
leads to better accommodation of asparagine in the minor groove and formation of a 
stable complex (Figure 4A) [219]. On the other hand, box A of HMGB1 protein 
(HMGB1a, NSS) has alanine residues with side-chain too short to be able to intercalate 
between the bases; therefore, dsDNA backbone cannot be bent (Figure 4B). However, if 
dsDNA helix is already structurally perturbed, for example with a cis-Pt modification, the 
hydrophobic phenylalanine gets buried within the pocket, forming a stable complex 
(Figure 4B) [221].  
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Figure 4: Interactions of two HMG-boxes with dsDNA 
A) Sequence-specific interaction of SRY HMG-box with DNA containing its binding 
site. Isoleucine (Ile) and asparagine (Asn) are important for bending and binding to minor 
groove of dsDNA (PDBID: 1j46). B) Non-sequence-specific interaction of HMGB1 
HMG-box A to dsDNA modified with platinum (Pt). Alanine (Ala) is too short to 
intercalate; instead, binding is dependent on hydrophobic burial of phenylalanine (Phe) in 
the pocket generated by cis-Pt modification (PDBID: 1ckt). 
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Multiple other residues along with termini are also involved in the stabilization of the 
final complexes for both of these proteins, however ones described above are of primary 
importance. In the case of HMGB1, the second HMG-box (box B) also contributes to its 
binding [222].  
 
DNA Junctions as HMG-box Substrates 
 Aside from binding to regular and perturbed ds DNA, it appears as a natural ability 
of HMG-box domains to bind to DNA 4WJs [223, 224]. The central region of 4WJ is 
unlike B-type helical dsDNA because the strands are sharply bent and can cross each 
other. This geometry presents an attractive (electrostatically and hydrophobically) site for 
binding without requiring bending by the protein, especially when the junction is in the 
open conformation with ds portions extended in opposite directions [225, 226]. It has 
been shown that under low salt conditions, DNA 4WJ predominantly exist in the open 
conformations [227, 228]. The DNA 4WJs, also known as Holliday junctions (named 
after Robin Holliday who first described them), are important intermediates of 
homologous recombination during meiosis or DNA repair [229-231]. As such, many 
DNA 4WJ-interacting proteins were identified, some of which also interact with HMG-
box proteins [232]. Directly or through protein-protein interactions, DNA 4WJs may be 
important biological substrates for HMG-box proteins. 
 
HMG-box Binding to RNA 
 HMG-box domain-containing proteins have been shown to bind to ssRNA as well 
as complex RNA molecules [233-237]. Large RNAs contain various junctions, including 
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4WJs, which form in process of their tertiary structure formation [238, 239]. While 
synthetic DNA 4WJs exist primarily in open conformation, in solution the RNA 
counterparts are far more dynamic, mostly populating the closed structural ensemble 
[240]. An in vitro evidence shows that at least NSS HMG-box domains bind them well, 
suggesting these may be one of the structural features recognized in large RNA 
molecules [237]. Furthermore, the RNA-binding mode of NSS HMG-box proteins will be 
an intriguing subject to study in light of their involvement with recognition of 
immunogenic nucleic acids [241, 242]. Many viruses endemic to humans have RNA 
genomes and may be subject for binding HMG-box containing proteins [243]. 
 
HMG-box evolution 
 The diversity of context and functions within which HMG-box domains exist 
suggest that they have undergone extensive adaptive processes. The phylogenic analysis 
estimates that these domains arose over 1 billion years ago and have been rapidly 
evolving [244]. HMG-box domains are small, consisting of ~76 residues for the core 
fold, and are capable of sub-specialization, in some cases with acquisition of only few 
residue changes [220]. Their adaptation can occur independently of other domains in the 
same peptides thus providing great potential for sub-functionalization of proteins [244]. 
The majority of HMG-box domains described thus far associate with chromatin and serve 
as DNA-binding modules, and because of this, even ones in non-chromatin interacting 
proteins are construed to have evolved to accomplish DNA binding [166, 245].  
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Section summary 
 Proteins within the HMG superfamily accomplish a wide palette of functions, most 
of which entail chromatin and nucleic acids. Of the three subfamilies, roles of HMG-box 
group have been described in most detail, owing to the fact that their fold is most stable 
in amenable to in vitro techniques. The fast evolutionary adaptation of HMG-box 
domains to diverse cellular processes mandates rigorous validation to unambiguously 
describe their true functions. In this thesis, I will characterize the function of MAEL 
proteins’ HMG-box, which appears to have diverged from canonical domains to 
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Phylogenetic Comparison of MAEL HMG-boxes 
The Basic Logical Alignment Search Tool (BLAST) at National Center for Biotechnology 
Information (NCBI) was used to search for available Maelstrom nucleotide sequences. 
Initial query sequences, mouse Maelstrom (NM_175296.4) and fruit fly Maelstrom 
(NM_168958.3), were used to query nucleotide collection (nr/nt) and nucleotide 
sequences of Maelstrom from new species were extracted according to following criteria: 
containing ATG start codon, an unambiguous stop codon. Each one of those was then 
used as a query for a new search until no new Maelstrom sequences appeared in search 
results. As a results a total of 87 sequences were retrieved. The first 258 nucleotides 
corresponding to first 86 residues containing an HMG-box domain were then extracted 
and aligned using ClustalW algorithm in MEGA6 software package [246]. The alignment 
was further and only sequences that passed following criteria were retained: presence of 
conserved tryptophan residue, presence of glycine at the end of first α-helix, presence of 
all three α-helices, no rearrangements or deletions larger than 10 consecutive residues. 
The labels of each sequence include corresponding accession number and common name 
of the organism. The alignment was adjusted to reflect secondary structural elements (α-
helices and loops) using NMR structure of human MAEL HMG-box (PDB ID: 1j46) 
[182]. The resulting alignment consisted of 61 MAEL HMG-box sequences and was used 
for comparison of residue sequences and for phylogenetic analysis. The Phylogenetic tree 
was build using maximum likelihood method in MEGA6 using following setting: test of 
phylogeny by Bootstrap method with 1000 replicates, amino acid substitution model 
using standard code table and Jones-Taylor-Thornton (JTT) model [247], rates among 
sites considered as gamma distributed (5 categories) with invariant sites (G + I), partial 
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deletion of gaps with site coverage cutoff of 80%, tree inference using Subtree-Pruning-
Regrafting – Extensive (SPR level 5), and very strong branch swap filter. The highest log 
likelihood was -4531.75. The final gamma parameter (G) was 5.0811. There were 2.94 % 
invariable sites in total of 83 positions considered amongst 61 sequences. The tree 
branches and annotations were adjusted in the MEGA6 built-in tree editor.  
 
Comparison of MAEL and Canonical HMG-boxes 
The full-length mouse Maelstrom sequence (434 residues) was submitted for tertiary 
structure prediction to the Robetta online server [248]. The .pdb files were retrieved and 
analyzed in PyMOL. The same process was followed for the Drosophila melanogaster 
Maelstrom HMG-box domain (residues 1-86). Nucleotide sequences of the candidate 
sequence-specific (SRY, SOX) and non-sequence-specific (HMGB, Dsp1) HMG 
domains were obtained from NCBI and 86 residue region encompassing HMG box was 
selected for the alignment. The sequence id indicates protein name + species + start 
residue + number of consecutive residues extracted. The accession numbers used were: 
Maelstroms –[Mus musculus (Mm) Maelstrom - NM_175296.4, Drosophila 
melanogaster (Dm) Maelstrom - NM_079493.4, Homo sapiens (Hs) Maelstrom - 
DQ076156.2]; sequence-specific HMG proteins [Hs SRY - X53772.1, Mm SRY - 
NM_011564.1, Mm Sox2 - NM_011443.3, Mm Sox6 - U32614.1, Mm Sox10 - 
AF047043.1, Mm Sox17 - NM_011441.4]; non-sequence-specific HMG proteins [Dm 
Dsp1 - U13881.1, Mm HMGB1 - NM_010439.3, Mm HMGB2 - NM_008252.3, Mm 
HMGB3 - NM_008253.3]. Codon alignment was performed using the ClustalW 
algorithm built-in MEGA6 package, without changing pre-set parameters. The aligned 
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nucleotides were translated to protein using standard genetic code and the alignment of 
protein repeated using built in ClustalW algorithm. No changes to codon alignment 
occurred. This alignment was manually refined using experimentally determined 
structural information to account for the secondary characteristics such as helices and 
loops. Following PDB structures were used: SRY – 1j46 [219], HMGB1a -1ckt [221], 
MAEL HMG – 2cto [182]. The final alignment was exported and the residues colored 
according to Taylor color scheme to reflect biochemical characteristics of various 
residues [249]. The alignment was then used to generate maximum likelihood tree using 
MEGA6 [246, 247] built-in algorithms with the following settings:  1000 Bootstrap 
replicates, Jones-Taylor-Thornton model of amino acid substitutions, uniform site-rates, 
complete deletion of gaps and missing data, Subtree-Pruning-Regrafting – Extensive at 
level 5, very strong branch swap filter. The generated tree was visually adjusted in built-
in tree editor and is presented in Figure 10A. The log likelihood of this tree is -1943.6 
and each branch is annotated with the bootstrap values representing the percentage of 
trees where the associated sequence clustered together. The tree branch scale represents 
number of substitution per site based on the considered 73 completely conserved 
positions amongst 17 compared sequences.  
 
Cloning and Mutagenesis  
Mouse Maelstrom cDNA was previously generated in the lab [112]. HMGB1a cDNA 
was obtained from Open Biosystems (clone 30849071). SRY HMG was PCR amplified 
from mouse testis 129S4 cDNA. Drosophila melanogaster maelstrom was amplified 
from Drosophila testis cDNA (gift of the X. Chen lab, Johns Hopkins University). All 
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HMG domains (nucleotides 2-258 coding for first 85 residues) were amplified with 
Phusion polymerase (NEB) using primers listed in Table 2. PCR products were sub-
cloned into pGex6P2 expression vector (GE) between BamH1 and Not1 restriction sites. 
Selected residues were mutated using round-the-horn site-directed mutagenesis [250] and 
confirmed by sequencing.   
 
Protein Expression and Purification 
Domains sub-cloned into pGex6P2 vector were transfected into BL21-DE3* cells (Life 
Technologies). Single clones were expanded overnight and inoculated into a large 
volume of terrific broth (TB) media supplemented with appropriate antibiotics. When the 
OD600 reached 0.6-0.8, the culture was moved to 18°C incubator and protein expression 
was induced with 250 mM IPTG for 12-16 hours. The cells were collected following day 
by centrifugation, washed once with 1xPBS and resuspended in lysis buffer (1x PBS, 5% 
glycerol, 1mM PMSF, 1mM TCEP, 1mM MgCl2, protease inhibitors (Pierce)). The cell 
suspension was supplemented with Lysozyme (Sigma) to the final concentration of 1-2 
µg/ml and incubated on ice for 30 minutes with occasional mixing. Lysed material was 
then sonicated (4 repeats, 20 second sonication, 50% duty, Misonix 3000) with one-
minute incubation on ice between repeats. The sonicated mixture was spun (4°C, SS-34 
rotor, 30 minutes, 18000 rpm) and the supernatant carefully moved to syringe and filtered 
with Millex HV filters (Millipore) to remove contaminants. The GST-fusion protein was 
purified by gravity on the glutathione agarose resin (Sigma) at 4°C unless otherwise 
noted. The filtered lysate was bound to the glutathione resin, washed with 5 column 
volumes of low salt buffer (LSB: 1xPBS, 5% glycerol), 5 column volumes of high salt 
	   46	  
buffer (HSB: 1xPBS, 5% glycerol, 1M NaCl) and again with 2 column volumes of LSB. 
The protein was eluted with 10 mM reduced glutathione in LSB (pH ~8.5). To remove 
the GST tag, the eluate was supplemented with 1mM EDTA, 1mM TCEP, PreScission 
protease (GE) and incubated at 4°C for 12-16 hours. Phospho-cellulose (PC) columns 
(2.5 ml) were prepared from dry PC resin (Whatman P-11) following procedures 
provided by Lorsch Lab (NIGMS). Briefly, 0.8g of the resin was stirred into 125 ml of 
0.5N NaOH for 5 minutes. After that the resin was washed with water until pH < 11 at 
which point 125 ml of 0.5N HCl was added and the solution was stirred for 5 minutes 
again. The mixture was then washed with water until pH > 4, at which point the resin was 
poured into disposable columns and equilibrated with desired buffer until pHIN = pHOUT. 
The PreScission digested glutathione column eluate was diluted with B0 buffer (B0: 
20mM Hepes pH 7.4, 10% glycerol, 2 mM DTT, 0.1 mM EDTA) to lower the salt below 
75 mM. The diluted digest was then loaded onto 2.5 ml PC columns and allowed to bind 
by gravity. The column was washed with 5 column volumes of B100 buffer (B0 + 
100mM NaCl). The protein was eluted with B500 buffer (B0 + 0.5M NaCl). The 
fractions with A280 > 0.05 were pooled and their buffer exchanged (PD-10 desalting 
columns) to storage buffer (SB: 1x PBS, 5% glycerol, 1 mM TCEP). To remove residual 
PreScission protease and un-cleaved protein, the eluate was passed over 0.5 ml 
glutathione/0.5 ml Ni-NTA column. The final eluate was concentrated using Vivaspin 6 
centrifugal concentrators (Satorius) with 3 MWCO to desired protein concentration (>1 
mg/ml). The concentration was measured at A280 in 6M Gnd-HCl, 20 mM Sodium 
Phosphate pH7.5 using calculated extinction coefficient and molecular weight 
(http://www.expasy.org) on NanoDrop 2000c. The final protein was aliquoted, flash 
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frozen and stored at -80°C until use.  
 
Circular Dichroism (CD) Spectroscopy 
CD measurements were collected on Aviv 420 instrument (Aviv Biomedical). Far-UV 
spectra were collected in 0.1 cm cuvette at 25°C. All proteins were 94-residues long at 
0.1mg/ml concentration. The Samples were in 1x PBS, 5% glycerol at room temperature. 
The data were processed in Numbers (iWork, Apple Inc.) as previously described [251]. 
 
Simple Substrate Preparation 
The DNA oligonucleotides for each substrate were purchased desalted without 
purification (Operon) (Table 3). The RNA oligonucleotides were ordered desalted with 
HPLC purification (Sigma Proligo) or prepared by in vitro transcription of PCR products 
with T7 promoter using HiScribe T7 high yield RNA synthesis kit (NEB) following 
manufacturers` protocol (Tables 4, 5, 6). Briefly, the synthesized RNA was purified with 
acid phenol:chloroform and precipitated with isopropanol. The precipitate was diluted in 
1x CutSmartTM buffer (NEB), supplemented with RNAseIN inhibitors (Ambion) and 
de-phosphorylated with alkaline phosphatase (NEB). The precipitation was repeated. The 
precipitate was then purified on TBE-UREA polyacrylamide gels (Live Technologies) 
and the RNA was purified following crush-and-soak method [252]. Briefly, the 
appropriate size band was excised from the gel, crushed in the presence of PAGE elution 
buffer (0.3M NaOAc, 10 mM Tris 8.0, 1 mM EDTA pH 8.0) and frozen at -80°C for 30 
minutes. The RNA was eluted by shaking the mixture overnight at 37°C and precipitated 
with isopropanol. The molar concentration was calculated based on the A280 readings in 
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10 mM Tris pH 8.0. The RNA was stored at -80°C until use. 
 
Complex Substrate Preparation 
The oligonucleotides were designed with sufficient overlap and homology to specifically 
anneal. To create a four-way junction, 10 µl (100 µM) of each oligonucleotide was mixed 
in the annealing buffer (1x: 70 mM Tris pH 7.5, 10 mM MgCl2, 100 mM NaCl) to a final 
volume of 200 µl. The mixture was incubated in 95°C water bath for 5 minutes and 
allowed to slowly cool to room temperature. The annealed substrate was precipitated with 
EtOH (DNA) or isopropanol (RNA). Approximately 10 µg of annealed substrate was 
diluted in the binding reaction without protein (1x: 10 mM Potassium Phosphate pH 7.5, 
50 mM KCl, 5% glycerol, 1 mM TCEP, 2.5 mM MgCl2), loaded into single lane of 12% 
Native page gel and ran at 105V for 1-2 hours. Lower concentration of the acrylamide 
was used for the RNA substrates > 75 bases. The bands were visualized using short 
wavelength UV shadowing and appropriate bands were excised and purified following 
crush-and-soak method described earlier. The molar concentration of each substrate was 
calculated using molecular weight and A280 readings. The oligonucleotides were 
aliquoted at desired concentration and stored at -80°C until used. All double stranded 
(RNA, DNA) substrates were annealed and purified in the same fashion. The RNA 
oligonucleotides for hairpin substrates were ordered HPLC-purified (Sigma Proligo).  
 
RNA Substrate Structural Considerations 
To simplify interpretations, all the substrates made from ssRNA were designed with 
potential secondary structural characteristics in mind. The sequences were submitted to 
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the Mfold server [253], using standard settings to identify thermodynamically favorable 
confirmations. All structures with negative free energy (ΔG) were considered as likely 
within the ensemble of tested RNA. The structures with +ΔG were considered as 
unlikely. This is based on the fact that base pairing provides -ΔG to RNA molecule 
allowing for spontaneous folding and secondary structure formation [254]. Therefore, in 
Mfold analysis, sequences that produce structures with only +ΔG are considered single-
stranded, whereas an ideal hairpin sequence would produce only single structure with 
large –ΔG. The Table 4 contains the free energies and structures of the tested substrates 
identified by Mfold.  
 
Gel Shift Assays 
The substrates were diluted to desired concentrations and end-labeled with γ-P32 using 
PNK (NEB). To account for number of ends, 5 µM of the hot ATP were used per 1 µM of 
DNA four-way junction. Unincorporated label was removed on P30 columns (Bio-Rad). 
To control for the loss of the shorter substrates on the P30 column, multiple substrates 
were labeled at the same time and their concentrations were normalized to the DNA 4WJ 
(largest substrate) using relative incorporated scintillation counts. Such prepared 
substrates were stored at 4°C until use, unless folding was required. To fold, the RNA 
substrates were supplemented with salts (50 mM NaCl, 2.5 mM MgCl2) and heated to 
either 55°C (< 50 bases) or 95°C (>50 bases) for 3 minutes and allowed to slowly cool to 
RT. The folded RNA was stored at 4°C until use. The protein was thawed on ice and then 
serially diluted to desired concentrations in water. The binding reaction was assembled 
by mixing the protein in binding reaction consisting of (1x) 10 mM Potassium Phosphate 
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7.5, 50 mM KCl, 5% glycerol, 1 mM TCEP, 0.1 mg/ml BSA, 2.5 mM MgCl2. The 
labeled substrate was added last to ~1nM concentration in 10 µl final volume. The 
reaction was then incubated at room temperature for 30-60 minutes to equilibrate. The 
12% native polyacrylamide (29:1), 1 mm thick TBE (1x) mini-gels gels were pre-run wit 
0.5x TBE running buffer for 30 minutes at 105V in ice water-bath. The wells were briefly 
rinsed, and 5 µl of the binding reaction was then carefully loaded onto running gels. The 
gels were run at constant 105V for long enough (1-4 hours) to achieve sufficient complex 
separation. At the end of the run, gels were extracted, rinsed, dried onto 3 mm Whatman 
paper at 80°C for 90 minutes, and exposed to storage phosphor screen for 12-24 hours. 
The image was acquired using Storm 860 molecular imager (Molecular Dynamics) with 
100-micron resolution. The large RNA substrates were treated the same way but the 
complexes were resolved on large 6% native gels. In the competition experiments, the 
binding reactions were setup in the same manner as above but with protein concentration 
held constant and sufficient to achieve between 60-90% binding. Serially diluted 
unlabeled (cold) substrate was added up to 1 uM final concentration prior to addition of 
the radioactively labeled (hot) substrate.  
 
Data Analysis 
The images obtained from the Storm 860 were analyzed in FIJI (GPL). The region of the 
gel was extracted, the pixels inverted onto black background, and background subtracted 
uniformly amongst all images. For each lane the region free and the region bound were 
selected using gel analysis feature and the area under the curve quantified using wand 
tool. Multiple complexes were all included in the region bound. The fraction bound was 
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calculated using equation (1) and data plotted as the fraction bound versus protein 
concentration using Prism6 software (GraphPad). To calculate dissociation constant 
(KD), data was fit to modified Hill equation (2). The cold competition data was plotted as 
the fraction of bound hot substrate versus the concentration of the cold substrate using 
equation (3) and the dissociation constant of competitor (KC) was calculated with 
equation (4). All parameters in equations (2,3,4) were described previously [255]. 
 
Fb = bound/total     (1) 
f  =  b + [(m – b) / (1 + (KD / [Pt])n]     (2) 
f = b + [(m – b) / (1 + (IC50 / [C])n]     (3) 
KC = (2KDIC50) / (2P – R – 2KD)     (4) 
 
Large RNA Structure Determination 
Previously described MAEL RIP-Seq data sets mapped to mm9 assembly of the mouse 
genome, shown to be enriched in transposon RNA, were used for the identification of 
over-represented regions [154]. The sets corresponding to control Igg, MAEL_A RIP and 
MAEL_B were analyzed with macs software (version 1.4.2) [256] with the standard 
settings to identify regions enriched in replicates A and B over Igg.  The identified 
regions between the two replicates were pooled and intersected using bedtools (v2.20.1) 
[257] to identify only the common regions. All intervals were then annotated using 
annotatePeaks program from HOMER suite [258]. The regions annotated as LINE1 
elements were extracted and their coordinates examined in IGV [259, 260], considering 
only the regions within annotated LINE1 elements. Multiple coordinates corresponding 
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to regions with a peak appearance at least 250 nucleotides-wide were selected, and their 
nucleotide sequences extracted from the UCSC genome browser.  These were then 
aligned using ClustalW (EMBL-EBI) and the alignment manually curated until the region 
of high sequence conservation was identified. The final alignment had 5 regions 
corresponding to LINE1 elements of Md_F2 family that were located on different 
chromosomes. Coverage across each identified region was calculated using its 
coordinates and the bedtools multicov program [257]. The results were plotted in 
Numbers (iWork, Apple Inc.). This alignment was used for determination of the 
secondary structure according to previously described methodology combining 
RNAalifold and Mfold [253, 261, 262]. The covarying nucleotides used to constrain 
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Insights From MAEL Amino Acid Sequence  
 Murine MAEL protein is 434 amino acids long and is annotated as having two 
domains: an HMG-box (UniProt, residues 1-76) and a novel maelstrom-specific domain 
(MSD, 100-434) [169]. However, regions that may be important for functions and 
regulation of the full-length protein and its domains have not been described. I have used 
computational prediction tools to identify regions with high probability for disorder 
(PONDR-FIT [263]), and then I analyzed their compositions with a focus on residues that 
can be phosphorylated (NETPHOS2.0 [264]). The prediction of intrinsic disorder 
identified three regions (1, 2, 3) with probability of being disordered being greater than 
50% (Figure 5A).  
 The first region (1) in the N-terminus is short and consists of 9 residues (Figure 
3B). The amino-termini of HMG-box domains are commonly disordered and participate 
in binding [205]. This region contains positive (arginine, R) and polar (asparagine, N) 
residues that can form hydrogen (H) bonds with nucleic acid bases or the nucleic acid 
backbone [201, 221, 265]. After the HMG-box binds to nucleic acid substrate, the 
unstructured N-terminus becomes well-defined through interactions with nearby substrate 
regions [219, 221]. On the other hand, unstructured N-termini can be post-translationally 
modified (PTM), thereby modulating binding strength or protein localization [199]. An in 
silico prediction scan for phosphorylation potential in the N-terminus of MAEL HMG-
box identified single serine (S) with high probability (99%) to be modified (Figure 3B). 
The unstructured nature (Figure 3A) and the residue content (Figure 3B) indicate that 
region 1 may influence binding of the whole domain either directly or potentially through 
PTMs.  
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Figure 5: Disordered regions of MAEL 
A) Predicted intrinsic disorder (PONDR-FIT server) across 434 residues of MAEL 
protein reveals three (1, 2, 3) regions with >50% disorder disposition. B) The residue 
composition within predicted disordered regions and fraction of residues associated with 
unstructured regions (P/G – counted manually) or are post-translationally modified 
(S/T/Y - NETPHOS 2.0 server). Phosphorylation probabilities >50%: region 1 - S7 = 
99%; region 2 - S93 = 64%, S95 =99%; region 3 - S399 = 94%, S411 = 99%, S412 = 
97%, Y427 = 88%. Colors correspondence: red >90%, purple >80%, blue>60%. 
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 The second unstructured region (2) is 31 residues long and connects HMG-box 
domain with the MSD domain (Figure 3b). This region contains a high proportion 
(~25%) of residues with low propensity for secondary structure formation (prolines-P and 
glycine-G) and residues that are most commonly subjects of PTMs (~19% serine-S and 
threonine-T) [266-268]. This region is C-terminal to HMG-box domain in MAEL protein 
and is unstructured (Figure 5A).  Like C-termini of other HMG-boxes, it may affect 
nucleic acid binding abilities [205]. Unstructured regions of various proteins contribute to 
their structures and functions by enabling energetically inexpensive motion of domains 
respective to each other [269, 270]. Such regions are also likely to play important roles in 
protein-nucleic acid and protein-protein interactions through either contributions to the 
binding affinity or by modulating the binding with acquisition of PTMs such as 
phosphorylation [271, 272]. The fruit fly Mael has been shown to be phosphorylated on 
nearby S138 with functional consequences [273], however mass spectrometric (MS) 
analysis of MAEL carried out by others in our lab did not focus on identification of 
PTMs; therefore, I cannot exclude a possibility that residues within unstructured linker 
carry some PTMs [154]. Using computational prediction, I detected two residues with 
>50% chance of being phosphorylated within this unstructured region (Figure 3B). 
 C-termini of many proteins are often unstructured, commonly contain multiple 
PTMs and can contribute to protein stability and regulation [274-277]. The C-terminus of 
MAEL (region 3) is 43-residues long and also predicted to be disordered (Figure 5A). It 
contains multiple residues that can be phosphorylated, most of all in three discussed 
regions (37.5% of all residues, Figure 3B) [264].  
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Section summary 
The peptide sequence offers clues about MAEL characteristics that may be required for 
its function or regulation. The three described regions contain residues with potential to 
affect structure, function, or regulation of this protein. The N-terminal region (1) may 
play an important role in the context of the HMG-box, while the other two regions have 
either a high fraction of structure disrupting or PTM-modifiable residues in unstructured 
linker (region 2) and C-terminus (region 3), respectively, that may affect the whole 
protein. My experiences with purification of MAEL support this prediction. Constructs of 
full-length MAEL (GST and 6His N-terminal fusions) were insoluble in bacteria and 
insect cells, but after removal of approximately 30 residues from the C-terminus, the 
protein became more soluble.  However, the small amounts of protein obtained 
aggregated as soon as the N-terminal affinity tags were cleaved, preventing further 
purification and analysis. The solubility of the two domains expressed separately further 
increased, and only minor aggregation occurred. Therefore, the unstructured C-terminal 
(3) and internal linker (2) regions likely contribute to full-length protein stability and 
solubility. It may be that outside of its native cellular environment these regions lack 
chaperones, PTMs, or binding partners that could stabilize them in the di-domain protein 
context, which is supported by high content of structure disrupting and modifiable 
residues.   
  The most intriguing of the identified regions is the unstructured linker (region 2) 
connecting HMG-box domain to MSD domain (Figure 5A, B). It is 31 residues long, and 
theoretically this peptide could extend up to 109 Angstroms (10.9 nm) based on 
published α-carbon distance in peptide chain (~3.5 A) [278, 279]. In context of RNA, 
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this corresponds to a distance spanning 36 base-pair long dsRNA [280]. Having a flexible 
arm capable of such extension can provide a great degree of flexibility for the di-domain 
MAEL protein and may be of functional significance. I believe that future studies of this 






































	   59	  
Insights From Prediction of MAEL Tertiary Structure 
 The full-length MAEL protein insolubility in bacterial host precludes in vitro study 
of this protein. Since the tertiary structure has not been solved thus far, I have turned to 
computational methods in hope to gain further insight into the function of MAEL through 
its tertiary structure. Computational algorithms for determination of protein structure are 
under continuous development and can reasonably approximate tertiary structures [281]. 
Therefore, I have used the Robetta server, one of the most accurate algorithms, to predict 
MAEL tertiary structure [248]. Robetta uses homology of previously determined 
structures in a protein data bank (PDB) in combination with de novo methods to 
determine tertiary structure of peptide sequence.  
 When in silico folding was completed, I recovered five lowest-energy structures 
and further examined one with the highest proportion of secondary structural features 
(Figure 6A). In accordance to Maelstrom gene annotation (UniProt) and previous 
analysis, the structure was annotated with an HMG-box in its N-terminus and MSD 
domain c-terminal portion [169, 170]. Structure of MAEL HMG-box (residues 1-92 in 
Figure 4A) is based on a previously solved H-NMR structure of human MAEL HMG-
box protein (PDB ID: 2cto) [182]. The MSD domain has been previously described to 
possess an RNAse H-like fold [169, 170]. Robetta has used a structure of an exonuclease 
(PDB ID: 1zbh –chain A) as a parent molecule to model residues 92-277 [282]. Residues 
278-434 were modeled with de novo algorithms (Figure 6A). The predicted structure 
shows that the HMG-box domain is on the surface and not encapsulated by the rest of the 
molecule. The MSD domain is predicted to have two lobes; structure of the first one is 
based on the above-mentioned endonuclease domain, and the second one is determined 
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de novo. The two lobes are connected with a short linker (L in Figure 6A) of 9 residues 
(CKWHEENDI), the majority of which are hydrophilic, implying they may not need to 
be buried but instead may allow for some degree of movement of the two lobes 
respective to each other. This linker is the only peptide segment connecting the two lobes 
of MSD and is near the region that contains a highly-conserved set of residues (EHHCHC 
in Figure 6B) potentially related to a putative active site [169]. Multiple nucleic acid 
interacting proteins have channels near binding sites or leading up to catalytic sites [283-
285]. In accordance with my sequence analysis, the predicted MAEL structure also shows 
the presence of three unstructured regions (Figure 6C).  
 The first, short amino-terminal region (1) is fully unstructured in the prediction 
(Figure 4A) as well as in the solution structure of the human MAEL HMG-box [182]. It 
contains multiple charged residues that are not buried within the structure (Figure 5B) 
and may be important for the HMG-box function [205, 219].  
 The MAEL domains are connected by a 31-residue linker, which is disordered in 
the predicted MAEL structure (2) (Figure 6C), also confirming my previous predictions 
(Figure 5A). This peptide sequence could theoretically extend to a distance of 
approximately 109 angstroms based on the maximal observed distance of the alpha-
carbons in the peptide chains [278, 279]. In this predicted structure, the unstructured 
linker spans 59.5 angstrom and lacks secondary structural elements (Figure 6D). Because 
crystal structures and structural predictions capture the most energetically and structurally 
stable confirmations [286], in the native environment, this region could extend to the 
calculated limit and shift the position of the HMG-box relative to the rest of the molecule. 
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Figure 6: Tertiary structure of MAEL 
A) Predicted tertiary structure of full-length MAEL (Robetta). The PDB IDs of parent 
molecules for peptide regions of the HMG-box (orange) and the MSD (grey) are shown. 
Highlighted with an arrow is the linker connecting two lobes (L: CKWHEENDI) within 
MSD. B) Location of conserved residues in MAEL according to previous predictions 
[169]. Residues are shown as sticks and are designated with one letter code where: E – 
glutamic acid, H – histidine, C – cysteine. C) Unstructured regions of MAEL identified 
by previous sequence analysis (Figure 3A) are present in predicted tertiary structure. D) 
The observed length of the HMG-box and MSD unstructured linker region (red) and to 
scale calculated maximal possible extension of the 31 residue long peptide (blue).  
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 Lastly, the C-terminal region of MAEL is predicted to be largely unstructured 
based on its sequence (3) (Figure 5A). This region is also unstructured in the predicted 
tertiary structure, however not completely, with portions forming α-helix (Figure 6C). 
The structure of residues 278-434 was predicted without a parent molecule using de novo 
methods, indicating that this portion of MAEL has no structural homologues. Because the 
sequence and structural prediction methods can be wrong, additional biochemical 
methods are required to identify the true structure of this region.  
 
Section summary 
 Overall, the in silico structural analysis of full-length MAEL agrees with our 
sequence considerations. The HMG-box structure is based on human MAEL HMG-box 
solution structure and therefore best approximates its real structure. However, MSD is 
partly based on the solved structure of an unrelated exonuclease and is partly estimated. 
Both sequence and structure analysis indicate that the N-terminus (region 1) and the 
linker connecting the two domains (region 2) are both unstructured, however, unlike for 
sequence analysis, the c-terminus is partly folded using structural prediction. Because 
both of these analyses rely on prediction methods lacking perfect accuracy, they require 
experimental validation and are to be considered with caution. In the following sections, I 
will focus solely on the MAEL HMG-box domain whose structure has the strongest 
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MAEL HMG-box Domain is Ancient and Highly Conserved 
 MAEL is the only HMG-box domain containing protein in the piRNA pathway, 
and while it plays important biological roles in this context as determined by mouse 
genetics [111, 112, 154], biochemical functions of its domains have not been described 
thus far. As discussed earlier, HMG-box domains have a typical L-shaped fold (Figure 3), 
and in most HMG-box domains containing proteins, they constitute an efficient DNA-
binding module [219, 220]. However, the association of MAEL HMG-box with MSD, a 
domain with predicted RNAse H-like fold [169, 170], as well as MAEL involvement in 
the piRNA pathway that uses small RNAs to silence retrotransposons, all suggest that its 
function may have diverged from those of canonical HMG-boxes towards functioning in 
context of RNA. Amino acid sequence and corresponding protein structure can provide 
valuable insights into protein’s biochemical function. Therefore, in the following 
sections, I will discuss sequence, structural, and evolutionary considerations of the 
MAEL HMG-box domain and contrast them with canonical HMG-box domains.    
 
Human and Mouse HMG-boxes 
 The solution of H-NMR structure of human MAEL HMG-box was solved by a 
consortium at the RIKEN Institute but without any additional characterization [182]. In 
the previous section, I discussed the computationally predicted structure of full-length 
mouse MAEL (Figure 6) from which I extracted a portion corresponding to the HMG-
box domain. To establish a degree of similarity between the mouse and human domains, I 
compared their sequences and structures. Based on pair-wise comparison of their protein 
sequences, the mouse and human proteins are highly conserved with 91.9% identity. 
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Within the first 86 residues only 7 amino acids were different, and the majority of 
differences conserve the chemical properties of their side chains (Figure 7A). A high 
degree of sequence conservation implies a high degree of structural conservation. 
Accordingly, the structural alignment of the human domain, which has been determined 
by NMR, with the predicted mouse domain failed to show any differences in their 
secondary structural characteristics (Figure 7B). The residues that are different between 
the two domains do not cause any structural perturbation, as would be expected based on 
conserved sizes and types of their side-chains (Figure 7B). Both sequence and structural 
similarities suggest that the study of mouse domain function would directly apply to its 
human counterpart.  
 
MAEL HMG-box Homologues 
 To gain an insight into the evolution and conservation of MAEL HMG-box, I 
retrieved available MAEL sequences from National Center for Biotechnology 
Information (NCBI). Many sequences in NCBI are a result of new genome sequencing 
with subsequent open reading frames (ORFs) identification by automated algorithms. 
Therefore, I have considered only sequences whose ORFs included a start codon, 
appeared to have a HMG-box, and had an unambiguous stop codon. The first 86 residues 
(containing the HMG-box) of each sequence were selected and used for multiple 
sequence alignment, and sequences that did not pass the following criteria were 
eliminated: the presence of all three α-helices and a core tryptophan (W) required for 
proper folding, and overall conservation of topology typical of HMG-box domains [201, 
202, 208, 214, 222, 245].  
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Figure 7: Comparison of human and mouse MAEL HMG-box 
A) Sequence alignment showing high residue identity (91.9%) between the first 86 
residues of human and mouse domain. The residues that are different have conserved 
side-chain properties. Consensus: + positive, - negative, u tiny, s small, . not matching. 
B) Structural comparison of human MAEL NMR structure (PDB ID: 2cto, orange) and 
mouse structure predicted by Robetta (teal). The secondary structural elements are 







	   67	  
The final set of sequences was aligned (ClustalW in MEGA6) and adjusted for structural 
elements using solution structure of human MAEL HMG-box [182]. The final alignment 
contains the HMG-box of 61 MAEL proteins from a variety of species (Figure 8). At first 
glance, most striking is the very high residue conservation of the mammalian MAEL 
HMG-boxes. Of the first 86 residues, there are only minimal differences, most of which 
are concentrated toward the c-terminus. On the other hand, the most divergent sequences 
belong to HMG-boxes found in insects. These appear to have a shortened N-terminal 
region as well as several charged residues within loops and helices that are different from 
other animal classes (Figure 8). Other represented classes (birds and reptiles) appear to 
have sequence characteristics more similar to mammals than to insects, i.e., the length of 
the amino-terminus and charged residue distribution in birds and reptiles is very similar 
to that seen in mammals (Figure 8).  
 To better understand the relationships between MAEL HMG-box sequences, I 
performed phylogenetic analysis using the MEGA6 package [246]. The resulting 
phylogenetic tree describes the relatedness of the HMG-box domains based on their 
residue composition and is calculated using the maximum likelihood (ML) method 
(Figure 9). The mammalian domains (class mammalia) all group together, and their 
closest relatives are reptilian and bird (class aves) domains. Insect domains (class insecta) 
are most distantly related to the first two groups, and divide into different branches 
corresponding to orders of diptera (drosophila, mosquito) and heminoptera (bees, wasp, 
aphid) (Figure 9). Few species from multiple insect groups (southern house mosquito, pea 
aphid, monarch butterfly) do not cluster with other members of their order but are still 
found within the appropriate insect class (Figure 9). 
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Figure 8: Sequence comparison of multiple MAEL HMG-boxes 
A multiple protein sequence alignment of the HMG-box domains from 61 selected 
MAEL sequences (ClustalW in MEGA6). Accession numbers and common name of the 
organism are in the sequence labels. The alignment was adjusted to reflect secondary 
structural characteristics observed in NMR structure of the human MAEL HMG-box 
(PDB ID: 2cto). The secondary structural elements (α-helices and loops) and completely 
conserved residues are shown on the right. The phylogenic classes for which multiple 
specie sequences were present are described next to the labels (mammals, reptiles, birds, 
insects). Other classes include: Amphibia – Frog, Echinoidea – Purple sea urchin, 
Hydrozoa – Fresh water (FW) polyp. Residues are colored according to the Taylor color 
scheme to provide contrast to groups of residues (JalView). 
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Figure 9: Phylogenetic relationship of MAEL HMG-boxes 
Phylogenetic analysis of MAEL HMG-box domains peptide sequence (residues 1-86). 
The tree compares HMG-box domains (73 positions analyzed) to infer their relationships 
using maximum likelihood (ML) method (MEGA6). The values next to the branches 
describe the percentage of trees where associated sequences group together (n=1000). 
Only values greater than 90 are shown. The branch length scale is in residue substitutions 
per site. Shortcuts used for orders within insect class are as follows: l - lepidoptera, d -
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Section summary 
 The phylogenetic analysis shows that MAEL HMG-boxes are an old domain with 
an overall high conservation. Even though the obtained phylogenetic tree does not reflect 
real time, but relative distance, it is reassuring to see that the tree branches approximately 
describe relative speciation times of different animal classes. The fresh water (FW) 
polyp, sea urchin and fruit fly MAEL HMG-boxes belong to the oldest animal classes 
that diverged from mammals close to one billion years ago, whereas reptile and bird 
MAEL HMG-boxes have diverged from mammals roughly 300 million years ago [287, 
288]. Canonical HMG-box domains are old domains which first appeared over one 
billion years ago [244], which correspond to the divergence times of the oldest MAEL 
HMG-box sequences in our data set (fruit fly and fresh water polyp), implying that this 
domain may have emerged or split from canonical HMG-box domains around the same 
time.  
 Another interesting observation relates to the fact that the longest speciation event 
within the fruit fly took about 50 million years, while the mouse and human are separated 
by about 92 million years of evolution [287, 288]. The branches in the tree within the 
Drosophilae family of insect class are much longer than those within the entire 
mammalian class, suggesting that this domain acquired many more changes in a shorter 
period of time in insects while significantly fewer changes in mammals in an 
approximately twice-longer period of time (Figure 9). The differences in rate of residue 
substitution between the insect and mammalian classes may be of functional significance 
and a subject of a very interesting study in the future. This inquiry will focus on the 
mouse HMG-box that is near identical to its human counterpart.  
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Unique Sequence and Structural Features of MAEL HMG-box  
 To gain functional insight, I have compared human, mouse, and fruit-fly MAEL 
HMG-box sequences to a subset of sequences of canonical sequence-specific (SS) and 
non-sequence-specific (NSS) HMG-box domains. The sequence, structural features, and 
functions of canonical HMG-box domains have been well described and therefore may 
offer clues about the function of MAEL HMG-box.  
 Using multiple-sequence alignment of candidate sequences I constructed a 
phylogenetic tree (MEGA6) [246] that relates amino acid sequences of selected HMG-
box domains to each other (Figure 10A). Domains of individual HMG-boxes are grouped 
together in clusters according to their functional characteristics. The HMG-box domains 
of SRY and SRY-related HMG-box (SOX) proteins formed a branch in agreement with 
their classification as SS binders [220, 289]. Grouping of these domains together is also 
in agreement with them being found as a single HMG-box within their respective 
proteins [214]. The di-domain HMG-box-containing proteins, high-mobility group 
proteins (HMGBs) 1-3 and Dsp1, which are NSS binders, formed two neighboring 
branches corresponding to domains A and B (Figure 10A). The branches of the domain A 
and B are closer to each other than to SS or MAEL HMG-boxes, likely owing the fact 
that these two domains are within the same peptide and have evolved to accomplish 
protein-specific functions in concert [290]. On the other hand, the appearance of domains 
A and B on separate branches reflects on variable sequence characteristics that underlie 
their observed functional differences [237, 291, 292]. The MAEL HMG-box domains 
form a separate branch on the tree and are most closely related to the domain A of NSS 
HMG-box proteins.  
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Figure 10: Phylogenetic relationships of MAEL and canonical HMG-boxes  
A) Phylogenetic analysis using the maximum likelihood method comparing canonical 
HMG-boxes with MAEL HMG-boxes (73 positions analyzed). Mouse sequences are 
shown unless otherwise noted (Dm: Drosophila melanogaster, Hs: Homo sapiens). 
Values describe percentage of trees where associated sequences group together (n=1000). 
The branch length scale is in number of substitutions per site. B) Multiple amino acid 
sequence alignment of candidate HMG-box domains. The residues were pseudo-colored 
according to the Taylor color scheme (JalView) to contrast side chain chemical 
characteristics. Completely conserved secondary structure elements and residues are 
shown below the alignment: h – α-helix, L – loop. 
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The relative distance to SS HMG-boxes and proximity to NSS HMG-boxes imply that 
MAEL HMG-box has residues that may provide means for NSS binding. Furthermore, 
formation of a separate branch on the tree by MAEL HMG-boxes also suggests that these 
domains have additional sequence characteristics that set them apart (Figure 10A). Based 
on the branch length, the fruit fly Mael HMG-box domain is a distant relative of its 
mammalian counterparts, agreeing with my earlier observations that mammalian and 
insect classes of MAEL HMG-box domains are separated by approximately one billion 
years of evolution. However, because fruit fly domain groups with other MAEL HMG-
boxes, as opposed to grouping with canonical SS and NSS HMG-boxes, it is likely that 
this domain has sequence or structural features in common with mammalian domains, 
suggesting a common ancestor domain (Figure 10A).  
 Inspection of the sequence alignment reveals a number of sequence features 
underlying the observed phylogenetic clustering (Figure 10B). First, the distribution of 
the charged residues within MAEL HMG-boxes is different. In the mammalian MAEL 
HMG-boxes, the loop (L1) connecting α-helix-1 and 2 are hydrophobic and don’t contain 
any charged residues. However, charged residues are present in the domain A of HMGBs 
and SS HMG-boxes (Figure 10B). Charged residues in SS and NSS domains appear to be 
alternating throughout α-helix-1 and 2, but in the mammalian MAEL HMG-boxes 
positive residues are concentrated on both sides of the L1. The distribution of the charged 
residues can be indicative of H-bonding potential that together with hydrophobic regions 
can provide the biochemical basis for strong interactions with an appropriate substrate. 
These features vary in the fruit fly Mael HMG-box where the residues in α-helix-1 are 
distributed in a fashion that resembles both SS and NSS domains, and unlike its 
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mammalian homologues, the positive residues are within its L1 region (Figure 10B). 
However, similarly to the mammalian counterparts, these residues are consecutive 
arginines and are not observed in the corresponding regions of the SS and NSS domains. 
This suggests that while the position of charged residues in the fruit fly has diverged, 
their chemical identity is conserved and therefore the L1 region and its surroundings may 
be functionally analogous to their mammalian versions. 
 Phylogenetic and sequence analysis highlighted features unique to MAEL HMG-
boxes as well as revealed MAEL HMG-box’s relatively close relationship to NSS HMG-
boxes. Next, I performed a structural comparison between SS, NSS and MAEL HMG-
box domains. To do this, I used previously determined structures of SRY HMG-box 
(PDB ID: 1j46, SS), HMGB1a box (PDB ID: 1ckt, NSS), human MAEL HMG-box 
(PDB ID: 2cto) and computationally predicted (Robetta) Drosophila mealnogaster Mael 
HMG-box. Structurally, all HMG-box domains have a characteristic L-shaped fold 
composed of three helices (Figure 3, Figure 11) [293]. Similarly to the HMG-box 
domains of SRY and HMGB1, both mouse and fruit fly domains also share this fold 
(Figure 11A). However, mouse MAEL HMG-box has acquired a bend in α-helix-2 that is 
immediately evident in the structural alignment (Figure 11B). The α-helix-2 bends 
approximately 45 degrees from the other aligned α-helices, resembling a “hook”. The 
fruit fly Mael HMG-box does not have this bend in the same α-helix. Its tertiary structure 
was modeled on the structure of the HMG-box of Sox2 (PDB ID: 1gt0 chain D), which 
also features a straight second α-helix. Some sequence features of the fruit fly domain 
resemble that of the Sox2 HMG-box; however, the phylogenetic analysis shows that this 
domain is as distinct as other MAEL HMG-boxes are (Figure 10). 
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Figure 11: MAEL HMG-boxes structural comparison 
 A) Experimentally determined as well as in silico predicted (Drosophila melanogaster 
(fly) MAEL HMG-box) structures of candidate HMG-box proteins. SRY: 1j46 - 
sequence specific binding; HMGB1a: 1ckt - structure specific binding; mouse MAEL: 
2cto - unknown binding; flyMAEL - unknown binding. B) MAEL HMG-box domains 
have a conserved canonical L-shape. Mouse MAEL has a bend in α-helix-2, creating a 
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Therefore, absence of the “hook” seen in the mouse HMG-box may be an artifact 
stemming from Robetta modeling the fruit fly domain onto the structure of Sox2. The 
possibility that a structural feature analogous to the mammalian “hook” exists in the fruit 
fly domain cannot be excluded, and its presence would be best confirmed by an 
experimental determination of the fruit fly MAEL HMG-box structure that may provide 
additional insights into the role of domains’ residues and overall function. Nevertheless, 
the above structural alignment reveals that mammalian MAEL HMG-boxes have a novel 
feature (“hook”) that, given its intriguing location, is likely to have functional 
consequences [293]. 
My analysis of HMG-box sequences has shown that the mouse MAEL HMG-box 
has several positive residues proximal to L1 region, and uniquely these residues are 
arginines (Figure 10B). In context of the tertiary structure, these residues group closely to 
each other, in near proximity to the previously described “hook” region (Figure 12A). 
The “hook” region contains a single arginine residue, while three additional consecutive 
arginines are located at the C-terminus of α-helix-1. Their side-chains protrude outward 
in different directions spanning approximately a ¾ turn (270 degrees), which gives this 
region the appearance of a “propeller” (Figure 12B). Together, the “hook” and 
“propeller” form a novel region containing four positively charged arginine residues in 
close proximity to each other. Charged residues are also present within canonical HMG-
boxes, however, their distribution and residue type differ significantly (Figure 10B). They 
are found internally within α-helix-1 in SS binders, and are not arginines in NSS binders 
(Figure 10B).  
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Figure 12: Unique features of mouse MAEL HMG-box 
 A) Location of the arginine containing “hook” and “propeller” regions within mouse 
MAEL HMG-box tertiary structure. Arginines (R) are depicted as sticks. B) Close up of 
the “propeller” and “hook” regions demonstrating outwards side chain protrusion. Sticks 
and surface presentation are colored according to charge (red – negative, acidic; blue –
positive, basic) C) Distributions of positively and negatively charged residues on MAEL 
HMG-box surface. Uncharged (white) patch of residue on side A is highlighted (dashed 
green line).  
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Arginine residues have been previously described to play prominent roles in nucleic acid 
interactions [294-296], therefore the four arginine residues described above may be 
important for function of MAEL HMG-box. Even though an analogous structural region 
within predicted that the fruit fly Mael HMG-box is absent, possibly because of an 
artifact of the software-modeling algorithm (Figure 11A), this domain still has two 
arginine residues in the nearby region, implying evolutionary conservation (Figure 10B).  
 To examine the distribution of charged residues within the mouse MAEL HMG-
box, I have colored positive and negative side-chains (Figure 12C). Surface rendering 
shows that the novel arginine-rich region is bulky and positively charged. However, this 
representation also shows a difference in the distribution of charged residue between side 
A and B of the MAEL HMG-box. While positive and negative residues are distributed on 
side B, side A has a single patch of negative residues, few positive residues and a large 
uncharged region (Figure 12C). The uncharged region seen here corresponds to the 
region, which interfaces with nucleic acids in SS and NSS canonical domains [219, 221]. 
The uncharged portions of proteins often contribute to binding through hydrophobic 
burial [297]. Therefore, together with the charged “hook” and “propeller”, the 
hydrophobic region on side A may contribute to the additional and necessary binding 
surface required for formation of a strong complex with the appropriate substrate.  
 
Section summary 
The phylogenetic classification of the fruit fly Mael HMG-box suggests that just like its 
mammalian counterpart; this domain is distinct from canonical HMG-boxes but also 
evolved features distinct from its mammalian homologues, which may perhaps reflect 
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species-specific specialization of protein function. The mouse and human MAEL HMG-
boxes are highly similar to each other with only few biochemically conservative residue 
substitutions, which is unlikely to affect domain function. However, sequence 
conservation with fruit fly homologues is much weaker, likely owing to the split of the 
species about one billion years ago. Fruit fly domains have also evolved at a much faster 
pace than mammalian ones, which may be reflective of different functional requirements 
driving their evolution. Nevertheless, both fruit fly and mouse MAEL HMG-box domains 
have characteristics that set them apart from canonical HMG-box domains. Both domains 
have arginine residues in the region connecting their first two α-helices, while the SS and 
NSS domains either do not have arginines in the equivalent region or they are located 
elsewhere. In the mouse MAEL HMG-box, arginines are located within the region that is 
important for function of the canonical HMG-box domains. This distinct distribution of 
arginine residues gives rise to unique structural arrangements, “hook” and “propeller.” 
The domain’s charged residue distribution, together with the novel arginine-rich 
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Interrogation of MAEL HMG-box Binding to Nucleic Acids 
 My previous sequence and structural analysis of MAEL-HMG-box suggests that 
this domain is distinct from SS and NSS HMG-boxes. The positive residues, uniquely 
arginines, within MAEL HMG-box are enriched at α-helical termini on the short arm of 
the domain surrounding the uncharged L1 region. As a result, this gives rise to novel 
structural regions, “hook” and “propeller”, both of which are likely to influence this 
domain’s binding to nucleic acid substrates.  
 In order to evaluate the biochemical activity of MAEL HMG-box domains, I have 
cloned the HMG-box-containing regions into GST overexpression vector and purified 
HMG-box domains of SRY (SS), HMGB1a (NSS), mouse MAEL and fruit-fly MAEL 
from bacteria. The optimized two-step purification scheme is described in detail in the 
Material and Methods chapter (Figure 13). To confirm that purified proteins are folded 
into HMG-box fold, I measured ellipticity of the peptide backbone by circular dichroism 
(CD) in the far-UV range (195-265 nm).  Helical proteins exhibit negative ellipticity in 
this range with two minima at 208 and 222 nm wavelengths [251]. In accordance with 
these criteria all of the purified proteins showed appropriate negative ellipticity and 
minima, confirming that they are highly helical and take on canonical HMG-box fold 
(Figure 14).  
 I then used gel-shift assays to evaluate the ability of the different purified domains 
to bind to various nucleic acid substrates. Gel-shift assays are a well-established method 
used for identification and characterization of protein-nucleic acid interactions [255, 298, 
299]. They have been used extensively for descriptions of protein binding to both DNA 
and RNA [225, 235, 237].  
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Figure 13: HMG-box purification scheme 
First 86 residues of each HMG box were expressed as GST-fusion proteins in bacteria. 
These were purified on glutathione agarose columns and desalted. The GST tag was then 
cleaved and the protein purified by ion exchange on phospho-cellulose columns. The 
final eluate was desalted, concentrated and appropriately stored. Lys-lysate, In-input, FT-
flow-through, W-wash, E-eluate. 




Figure 14: Circular dichroism (CD) of purified HMG-box domains 
A) The mouse MAEL HMG-box domain. B) The fruit fly Mael HMG-box. C) Sequence-
specific SRY HMG-box. D) Non-sequence-specific HMGB1a. Shown far-UV spectra 
have negative ellipticity in this range with two minima at 208 and 222 nm typical of 
highly α-helical proteins [251]. 
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By titrating increasing amounts of protein to a known concentration of radioactively (γ-
P32) labeled (‘hot’) nucleic acid and quantifying the free and bound (‘shifted’) fraction, I 
calculated the apparent dissociation constants (KD) for different HMG-box domains 
where applicable. In cases where binding was strong and most of the substrate was 
shifted, I used competition assays in which both the protein concentration (sufficient to 
achieve 60-90% of total binding) along with the ‘hot’ nucleic acid concentration were 
kept constant, and instead an unlabeled (‘cold’) nucleic acid substrate was titrated in. 
This allowed me to calculate the competitor dissociation constant (KC), which is directly 
related to the KD. When considered together, these two constants provide a more reliable 
measurement of binding strength [255]. 
 
MAEL HMG-box Does Not Bind dsDNA 
 First I queried the interaction of the mouse MAEL HMG-box with randomly 
selected 26-nt long single-stranded (ss) DNA and did not observe any binding (Figure 13, 
Table 2). The proteins with single HMG-box domains are best known for binding to 
dsDNA, preferentially recognizing specific nucleotide motifs [214]. For example, 
transcription factor SRY HMG-box domain binds and bends AT-rich dsDNA featuring 
an AACAAN consensus sequence [220, 289, 300]. I designed a 16-base pair long dsDNA 
substrate possessing the SRY census motif and tested it with all purified HMG-boxes. 
The SRY HMG-box bound to this substrate well, forming a single complex at the lowest 
and shifting all of the substrate at the highest protein concentration tested (Figure 16A). 
The estimated KD was ~16.3 nM, reflecting the strength of this interaction (Figure 16 A`).  




Figure 15: Single stranded (ss) DNA interactions 
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Figure 16: Double stranded (ds) DNA interactions 
A) Titration of the SRY HMG-box binds to 16 base pair long dsDNA containing its 
consensus sequence motif (AACAAT). A`) Binding affinity curve calculated from 
replicate titration experiments shows that the SRY HMG-box binds to this substrate 
strongly. Dissociation constant (KD) is 16.3 nM. B) Competition assay using ‘cold’ 
dsDNA leads to titration of the protein away from labeled substrate. The 00 lane contains 
only ‘hot’ substrate, and the red value indicates the amount of protein in all the following 
lanes. B`) Competitor binding affinity curve confirms high affinity of and specificity of 
SRY HMG-box interaction with dsDNA containing its preferred sequence. Competitor 
dissociation constant  (KC) is 8.96 nM. Titration of C) HMGB1a, D) mouse MAEL 
HMG-box, or E) fruit fly Mael HMG-box domain to same substrate does not show any 
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The ‘cold’ competition assay and calculated KC (~8.96 nM) confirmed the strength and 
specificity of this interaction (Figure 16B, B`). The average binding affinity in my 
experiments (~12 nM) is close to the values reported in literature (~20 nM) [301]. By 
contrast, the HMGB1a, mouse and fruit fly MAEL HMG-box domains did not bind to the 
same substrate (Figure 16C-E). I tested mouse and fruit fly Mael HMG-boxes with an 
extensive series of dsDNA substrates (Table 3), varying the length and base compositions 
as well as including symmetrical cytosine methylation. Surprisingly, neither HMG-box 
domain formed a complex with any of the dsDNA substrates. I used specific DNA 
sequences described in a study of fruit fly Mael in which its DNA-binding was 
investigated by chromatin immunoprecipitation [166]. To my surprise, I did not observe 
any binding to the reported sequences in my experiments (Figure 16D, E, Table 3). My 
sequence and predicted structure analyses suggested that fruit fly Mael HMG-box has 
diverged from its mammalian counterparts (Figure 9, 10B). Despite this, it also fails to 
bind to the dsDNA substrates tested here, just like its mouse counterpart (Figure 16D, E). 
Additionally, I was not able to identify structural regions homologous to “hook” and 
“propeller” in fruit fly Mael HMG-box, but it does have two arginine residues that, like 




In accordance with previous observations, SRY HMG-box binds strongly to dsDNA 
containing its recognition sequence motif [289]. It does so by first intercalating an 
isoleucine (Ile) residue from the N-terminal end of α-helix-1 between bases in the AT-
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rich minor groove region of the dsDNA, which results in perturbation of the helical 
geometry. Next, bent DNA helix accommodates residues along α-helix-1 and 2 within the 
widened DNA minor groove. The complex is stabilized through multiple DNA base and 
backbone contacts with the different α-helices and termini of the SRY HMG-box (Figure 
4A) [219]. HMGB1a cannot bind to the same DNA because it lacks sequence and 
structural features required for DNA bending. It has alanine (Ala) at the equivalent 
position, which has a short side chain and cannot intercalate between bases and bend the 
DNA helix. Instead, the aromatic side-chain of phenylalanine (Phe) at the beginning of 
the α-helix-2 gets accommodated in the pocket formed by cis-Pt modification of dsDNA 
(Figure 4B) [221, 223, 293]. The mammalian MAEL HMG-box has tyrosine (Tyr) in the 
N-terminal region of α-helix-1, whereas SRY HMG-box has an Ile residue (Figure 17A). 
When modeled with dsDNA, tyrosine residue is positioned so that it appears to be facing 
the phosphate backbone of the DNA. Not only does its position preclude intercalation 
between bases, but it also may cause electrostatic repulsion of the negatively charged 
DNA backbone with the Tyr hydroxyl group (Figure 17A). Furthermore, the novel 
“hook” region of α-helix-2 of mammalian MAEL HMG-box cannot be accommodated 
within the dsDNA grooves (Figure 17B). Therefore, both of these regions likely 
contribute to making interactions with the canonical B-type helix of dsDNA unfavorable. 
Additionally, the “hook” and “propeller” are readily detected in NMR structure of the 
human domain but are not identified by the structural prediction algorithm for the fruit fly 
Mael HMG box. A presence of two arginine residues in the fruit fly suggests that similar 
regions may nevertheless be present, which is also supported by the failure of both of 
these domains to bind to various dsDNA substrates.  
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Figure 17: Structural model of dsDNA binding. 
A) Structural alignment of the MAEL HMG-box to solved structure of the SRY HMG-
box bound to dsDNA containing its recognition sequence (dsDNASRY). The SRY HMG-
box intercalating residue (Ile - green spheres) points toward the center of the dsDNA 
helix. MAEL HMG-box has two tyrosines (Tyr – orange spheres) in equivalent region, 
both of which point towards DNA phosphate backbone. B) The mouse MAEL HMG-box 
has a bend in its second α-helix that forms what looks like a “hook”. This region 
protrudes into dsDNA helix, precluding same kind of interaction as the SRY HMG-box. 
In this model the dsDNA is already bent by the SRY HMG-box; however, this bend is 
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DNA junctions are Strongly Bound by MAEL HMG-box 
 My previous analysis showed that the MAEL HMG-box domain does not bind to 
the dsDNA. The most likely reason is the lack of intercalating residue and presence of 
“hook” and “propeller” that structurally occlude such interactions. Nevertheless, these 
regions may bind to substrates with non-B-type helical geometry, such as DNA four-way 
junctions (4WJ). Binding to DNA 4WJs is a commonly observed function of other HMG-
box domains [223-226]. These junctions are comprised of four double-stranded arms with 
a central region where the strands sharply turn and the helical grooves widen; therefore, 
4WJs have B-type and non-B-type structural characteristics. The dynamics and structure 
of DNA 4WJ, also known as Holliday junctions, have been well studied because of their 
pertinence to recombination and DNA repair [227-231].  The double-stranded arms of 
DNA 4WJ transition between states where they are extended outward in all directions 
(open conformation) and the states where they are proximal to each other (closed 
conformation) in parallel or antiparallel orientation based on whether the individual 
strands cross each other or not. In the open conformation, the center of the DNA 4WJ has 
space that can accommodate the binding of (comparatively small) HMG-box domains 
[225]. The transitions between open and closed conformations are influenced by the 
abundance of various ions in the solution; however, under physiological conditions, DNA 
4WJ are primarily open [228, 302-304].  
 To determine whether the ability to bind 4WJs is retained by MAEL HMG-box, I 
tested the mouse domain binding to DNA 4WJ and compared it to binding of SRY HMG-
box (SS) and HMGB1a (NSS) to the same substrate. Both SRY HMG-box and HMGB1a 
readily bind the DNA 4WJ forming multiple complexes (Figure 18A,B),  
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Figure 18: DNA 4WJ binding 
A) Titration of SRY HMG-box to DNA 4WJ. Red lines denote free substrate. Five 
distinct complexes formed (black lines) with consecutive addition of protein. B) Titration 
of HMGB1a to DNA 4WJ. Two complexes form at the tested protein concentrations. C, 
D) Titration of mouse MAEL HMG-box to the same substrate results in formation of 
only single complex even at high concentrations. C`) Binding-affinity curve calculated 
using replicate experiments shows that mouse MAEL HMG-box binds to DNA 4WJ 
strongly (KD = 16.3 nM). D) Competition assay using unlabeled substrate and D`) 
competitor binding affinity curve confirms strength and specificity of this interaction (KC 
= 12.8 nM). The 00 lane contains only ‘hot’ substrate and the red value indicates amount 
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confirming previous observations [225]. Unlike the SRY HMG-box and HMGB1a 
domains, mouse the MAEL HMG-box domain induced formation of single complex even 
at high protein concentrations (Figure 16 C, D). This interaction with DNA 4WJ was 
strong (KD ~16.3 nM) and specific as indicated by the ‘cold’ competition assay (KC ~ 
12.8 nM) (Figure 18C`, E`), and the binding affinity was close to the values reported for 
SRY (KD ~ 10 nM) [224, 301] and HMGB1 (KD ~1-10 nM) [305] proteins.  
 
Section summary 
SRY HMG-box binds to dsDNA in a sequence-specific manner with preference for AT-
rich regions [219]. Its sequence features allow it to bend the DNA and form an optimal 
site for binding. The DNA 4WJ used here has AT-rich sequences in the double-stranded 
arms which may be recognized as potential binding sites (Figure 19A). The open center is 
already perturbed, making it accessible for binding without the need for additional 
perturbations by the protein domain. Therefore, the five SRY-DNA 4WJ complexes are 
likely products of binding to the open center and to the AT-rich regions of the double-
stranded arms (Figure 18A). The HMGB1a does not bind to dsDNA (Figure 16C, 19A) 
because it lacks residues required for bending the DNA, facilitating the formation of an 
open region that can accommodate the Phe residue [221, 306, 307]. However, perturbed 
non-B-type DNA regions already exist in the center of the DNA 4WJ open conformation. 
Therefore, the two HMGB1a complexes likely represent binding of two proteins to the 
open center. Because the Phe residue is at the edge of the domain’s short arm (Figure 4), 
which is not as bulky as homologous region of the mouse MAEL HMG-box, it is likely 
that two proteins are accommodated at center of the DNA 4WJ (Figure 18B, 19A).  
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Figure 19: Modeling HMG-box onto DNA 4WJ 
A) Proposed model for binding of tested HMG-box proteins DNA 4WJ. Each protein can 
bind to the center of the junction because it is already pre-bent. The SRY HMG-box can 
bend dsDNA and therefore is also modeled on AT-rich dsDNA regions approximating its 
recognition sequence. HMGB1a cannot bend dsDNA; therefore the two observed 
complexes likely represent two proteins accommodated at perturbed center of 4WJ. Due 
to bulkiness of its “hook” and “propeller” regions, only one mouse MAEL HMG-box 
protein can be accommodated at the open center of the DNA 4WJ. Exact sequence of the 
tested substrate depicted. B) Experimentally solved structures of unrelated DNA 4WJ in 
open conformation (PDB ID: 3CRX - chains C-F) and human MAEL HMG-box domain 
(PDB ID: 2cto) represented to scale. C) Suggested mode of MAEL HMG-box binding to 
open region of DNA 4WJ in (B) based on modeling (PyMol). Positive arginine residues 
(sticks) in the “propeller” and “hook” regions may be involved in multiple DNA base and 
backbone interactions at the open center of DNA 4WJ. Two close-up views are shown on 
the right. Each strand of DNA 4WJ is depicted in a different color. The colors of nucleic 
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 The MAEL HMG-box has structural features distinguishing it from the SRY HMG-
box and HMGB1a (Figure 11, 12). It has Tyr residues in place of the intercalating 
residues and bulky arginine-rich “hook” and “propeller” regions, which precludes 
interactions with dsDNA (Figure 12, 16D). Therefore, the single complex formed with 
the DNA 4WJ must correspond to binding to MAEL HMG-box the open center, and only 
a single protein can be accommodated due to the bulkiness of the novel features of the 
MAEL HMG-box domain (Figure 18C, D, 19A). Using best-fit modeling of MAEL 
HMG-box onto the DNA 4WJ, I put forward a single scenario that accommodates my 
structural and experimental observations (Figure 19B, C). The novel “propeller” and 
“hook” regions are positioned such that the arginine side chains make multiple contacts 
with the bases and the backbone of the DNA 4WJ (Figure 19C).  
 My results show that like other HMG-box domains, the MAEL HMG-box can bind 
to DNA 4WJ. However, I observed only a single complex whereas SRY HMG-box 
formed up to five and HMGB1a formed up to two. I believe that this difference is due to 
the unique structural features of the MAEL HMG-box distinguishing it from the 
canonical domains. It is not able to bind to dsDNA. As such, it most likely binds to the 
perturbed center region of the DNA 4WJ. Using in-silico modeling I describe how its 
structural features could support binding to the 4WJ center region. The lack of binding to 
dsDNA and binding to DNA 4WJ as a single complex taken together suggest that the 
MAEL HMG-box binding to DNA substrate does not depend on sequence, but rather on 
the availability of an open DNA structure.  
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MAEL HMG-box Binds to RNA Molecules 
 In the cell, RNA is transcribed from DNA and is often folded and associated with 
proteins. Its biochemical nature allows for formation of double-stranded regions, hairpins 
and many other secondary-structure features that are not observed for DNA [308, 309]. 
When double-stranded, RNA forms A-type helices, featuring a minor groove that is wide 
and shallow and a major groove that is narrow and deep [310]. As a result, different 
protein interactions are possible with dsRNA, which cannot occur with the structurally 
rigid dsDNA. Hairpins are one of the most commonly identified features of RNA 
molecules involved in protein-RNA interactions [309]. In addition to the double-stranded 
stem, they have single-stranded loops with unpaired bases capable of many chemical 
interactions with each other, other RNAs or proteins [238]. The intricacies of RNA 
folding capabilities are best exemplified by the ribozyme that can carry on catalytic 
functions by exploiting the unique biochemical nature of RNA [311].  
 MAEL is an important member of the piRNA pathway and specifically 
immunoprecipitates with piRNA precursor transcripts and transposon mRNAs [154]. 
Furthermore, computational approaches suggest that MAEL contains a domain with an 
RNAse H-like fold in the C-terminus [169, 170]. In the cell, this protein predominantly 
localizes to the cytoplasmic bodies believed to be involved in RNA processing [111]. In 
previous sections, I showed that the MAEL HMG-box does not bind dsDNA but binds 
strongly to the structured DNA 4WJ (Figures 16 and 18). These results, together with the 
known biological context (localized to RNA processing cytoplasmic bodies and 
associated with the piRNA pathway) suggest that the MAEL HMG-box may bind to 
RNA. 
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 To test this, I designed single-stranded (ss), double-stranded (ds) and multiple- 
hairpin RNA substrates using Mfold [253] to identify the possible structural ensembles 
for each substrate (see methods, Table 4). While I did not observe any binding of the 
MAEL HMG-box to ssRNA or small hairpins (3 - 6 bp long stem with 4-nt loop) (Figure 
20A, B, C), I did detect weak binding to a 15 base-pair dsRNA (Figure 20D). This 
substrate was longer than the double stranded regions within the stem of tested small 
hairpins (15 versus 3 or 6 base pairs) (Figure 20D versus B or C). I then designed two 
larger hairpins. The first hairpin has a 7-nt loop with a double-stranded stem disrupted by 
two nucleotide mismatches, and the second one was of almost identical sequence except 
that it had perfectly base paired stem. Because small hairpins (4-nt loop) were not bound, 
the loop in the new hairpins was extended to 7 bases, which provides additional unpaired 
bases that may contribute to interactions with protein. The stem was interrupted with two-
base mismatches because one mismatch is unlikely to produce sufficient disruption to the 
helix. As a result, the dsRNA region next to the loop is as long as in the first small 
hairpin tested (Figure 20B), but the loop is longer, allowing me to evaluate its 
contribution. The second new hairpin lacked two base mismatches in order to determine 
whether the longer dsRNA region next to the loop contributes to binding. The MAEL 
HMG-box bound weakly to an RNA hairpin with two mismatches in the ds stem (Figure 
20E) and bound better when the stem was perfectly base-paired (Figure 20F), suggesting 
that the larger loop and longer continuous dsRNA adjacent to it both contribute to 
binding. Then I have designed substrate that combined two small hairpins and ss regions, 
resembling three-way junction, to see whether unpaired bases in the context of two 
unfavorable hairpins would contribute to binding.  
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Figure 20: MAEL HMG-box binding to simple RNA 
A) Titrations of the mouse MAEL HMG-box to the ssRNA and to B, C) RNAs that form 
small hairpins do not show any complex formation. Red lines next to gels highlight the 
free and black lines the shifted substrate. D) The mouse MAEL HMG-box forms 
complex with dsRNA of the same sequence as dsDNASRY tested previously. E) The 
mouse MAEL HMG-box binds weakly to the hairpin with longer loop and bulge in 
hairpin stem. F) Binding of the mouse MAEL HMG-box to the hairpin with perfectly 
base-paired stem is better. G) The binding to the substrate with two unfavorable hairpins 
and multiple ssRNA regions is present but weaker than in (F) implying dsRNA regions 
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The MAEL HMG-box bound to this substrate only weakly (Figure 20G) suggesting that 
while ssRNA regions contribute, they require adjacent dsRNA region that is longer than 4 
bases pairs. Of the tested substrates, I observed the strongest binding to the RNA hairpin 
with the longest continuous dsRNA stem (9 base pairs) and largest hairpin loop (7 bases) 
(Figure 20F). However, only ~40% of this substrate was bound at the highest protein 
concentration applied, prohibiting the determination of binding parameters. The 
observations that the MAEL HMG-box could bind dsRNA and binding got stronger in 
the presence of the longer hairpin loop suggested that structural features contribute to the 
binding. Therefore, I generated RNA 4WJ substrate using identical sequence to the tested 
DNA 4WJ but with RNA bases (Table 5). The MAEL HMG-box domain bound strongly 
to this substrate with a single complex forming at the lowest tested MAEL HMG-box 
concentration and multiple complexes forming at the highest concentration (Figure 21A). 
This was unlike the binding of HMGB1a to RNA 4WJ where progressively higher order 
complexes formed with the addition of protein (Figure 21C). Even though the MAEL 
HMG-box did not shift all the substrate, the binding strength was significantly greater 
compared to the single hairpin RNA substrates (Figure 21A`). To better approximate the 
dissociation constant, I performed competition assays using unlabeled substrates; 
however, the results were inconclusive (Figure 21B). Instead of the ‘cold’ substrate 
titrating away the protein from the labeled substrate, all the hot substrate shifted to large 
complex whose migration was reminiscent of the complex observed at highest protein 
concentration in previous experiment (Figure 21A).  
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Figure 21: Binding to RNA 4WJ 
A) The titration of the mouse MAEL HMG-box to RNA 4WJ showing formation of two 
complexes – first small and second large (substrate: free – red lines, bound – black lines). 
A`) Binding affinity curve shows that the binding strength is moderate (KD = 0.638 µM). 
B) Addition of unlabeled RNA does not lead to competition, but unexpectedly causes 
increased formation of large complex and disappearance of small complex, preventing 
determination of competitor binding constant. The 00 lane contains only ‘hot’ substrate 
and the red value indicates amount of protein in all the following lanes.  C) HMGB1a 
binds to RNA 4WJ strongly, progressively forming larger complexes as more protein is 
titrated in. D) Model describing structural ensemble of tested RNA 4WJ based on 
previous study [240].  Single protein is accommodated in open conformation  (small 
complex) and multiple in closed conformation (large complex).  
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Section summary 
Together, the above results show that the MAEL HMG-box can bind to certain RNA 
molecules. It does not bind ssRNA or small hairpins but forms complexes with dsRNA 
and larger hairpins, with preference for RNA species with ds stems featuring no 
mismatches in base pairing in the stem, and loops larger than 4 bases. The sequence of 
the dsRNA tested here was identical to the dsDNA tested previously (Figure 16D). The 
dsRNA, however, has different sugar that underlies its A-type helical geometry and 
contains uridine nucleotides. Because the type of the helix is the major difference 
between DNA and RNA, its helical geometry must be the reason for the observed 
difference of binding. Comparatively better binding to hairpins with 7 bases in the loop, 
as opposed to 4 bases, implies that unpaired bases in the loop also contribute to complex 
formation (Figure 20D vs. F). Therefore, the MAEL HMG-box may be binding near the 
loop region where the helical geometry is altered. This binding is further increased if the 
adjacent stem contains more than 6 base pair-long perfectly ds stem (Figure 21F vs. E 
and G).    
 Like its DNA counterpart, the RNA 4WJ has four helical arms and a central region 
where individual strands bend, deviating from the helical geometry. The same RNA 4WJ 
I utilized has been investigated previously with a focus on its conformational dynamics 
[240]. In solution, the ds arms of the junction rapidly transition from being next to each 
other (closed form: parallel or antiparallel orientation) to being extended outwards (open 
form) (Figure 21D). Instead of the cold substrate titrating away the protein from labeled 
substrate, all the hot substrate shifted to large complex. With additional RNA in the 
reaction, the ensemble may change to favor this form, leading to loss of the small 
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complex (Figure 21B) that resembles binding to the central region of the DNA 4WJ by a 
single MAEL HMG-box (Figure 21A vs. 18C).  Conversely, the small complex is more 
abundant at low RNA substrate concentration (~1 nM), suggesting that the ensemble is 
favoring the open form of the substrate (Figure 21A).   
 The observed binding to RNA can be explained by my in silico analysis of the 
sequence and structural features of MAEL HMG-box. The arginines in the “hook” and 
the “propeller” are distributed such that they span approximately 270 degrees, providing 
sufficient rotational freedom for the rest of the domain to be accommodated in multiple 
ways (Figure 12). Arginine-rich peptides have been previously implicated in RNA 
binding [296, 312, 313]. As opposed to MAEL HMG-box, HMGB1a does not have 
arginine residues and, when binding to RNA 4WJ, it forms multiple complexes whose 
retardation corresponds to addition of more protein (Figure 21C). Taken together, the 
RNA binding data suggest that the MAEL HMG-box domain may be employing its 
arginine-rich “hook” and “propeller” regions to bind to structured RNA molecules in a 
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Arginines Are Crucial for MAEL HMG-box Nucleic Acid Interactions 
 In the previous sections, I tested the mouse MAEL HMG-box binding to several 
different DNA and RNA substrates. Features identified by my sequence and structural 
analyses, such as the arginine-rich “hook” and “propeller,” may play prominent roles in 
both sets of interactions given their location within MAEL HMG-box. Thus, I identified 
residues within and outside of these regions and mutated them to alanines to evaluate 
their contributions to binding.  Specifically, I mutated R8 and Q16 within helix-1, R23 
and R25 within the “propeller” and R31 within the “hook” (Figure 22). The mutant 
proteins were purified using the scheme employed previously for wild-type protein 
(Figure 13), and any changes to their structural characteristics were identified using CD 
measurements (Figure 23). Of all the mutants, only the R8A secondary structure was 
affected. This protein was still highly helical, based on negative ellipticity in far-UV 
range; however, the ellipticity minimum at 222 nm has shifted, suggesting that this 
mutation affected the overall structure as compared to wild-type protein (Figure 23).  
 Mutation Q16A in the middle of helix-1 had no effect on binding to the DNA 4WJ; 
however, it affected the complexes formed with RNA 4WJ (Figure 24B, B`). The overall 
binding was decreased; small complex was lost and instead new complex at intermediate 
position has appeared (Figure 24B`). Mutant R8A completely abolished binding to both 
DNA and RNA, indicating that this residue is critically important for MAEL HMG-box’s 
ability to interact with nucleic acid polymers (Figure 24C, C`). However, upon further 
inspection, the secondary structure of R8A was affected (Figure 23); therefore, it is 
possible that the loss of binding may instead reflect changes in protein folding.  
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Figure 22: Mouse MAEL HMG-box mutagenesis 
Multiple views highlighting the residues in important regions of the mouse MAEL HMG-
box (sticks). Residues along the α-helix-1 (R8, Q16) and arginines located within the 
“hook” and the “propeller” regions (R23, R25, R31) were selected and mutated to 
alanine.  
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Figure 23: CD of mouse MAEL HMG-box mutants 
Most of the purified mutant (colored circles) mouse MAEL HMG-box domain proteins 
are folded very similarly to the wild-type protein (black line). The folding of the R8A 
(black arrow) mutant protein is altered (change at 222 nm wavelength); however, the 
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Figure 24: Mael HMG-box mutants binding to 4WJs 
A, A`) Titration of wild type mouse MAEL HMG-box to DNA and RNA 4WJ substrates. 
B) Mutation of glutamine (Q16A) does not affect binding to DNA 4WJ, however B`) 
does effect binding to RNA 4WJ. C, C`) Mutation of arginine in the N-terminus of first 
α-helix completely abolishes binding to both substrates. D-F) Mutation of individual 
arginines (R) in the “propeller” (R23A, R25A) and “hook” (R31A) regions results in the 
complete loss of binding to DNA 4WJ.  D`-F`) Binding of these mutants to RNA 4WJ is 
significantly decreased compared to wild type; however, very small amounts of 
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The mutants R23A, R25A and R31A completely abolished binding to DNA 4WJ (Figure 
24D-F). This change is not due to an effect on protein folding (Figure 23). Binding of the 
three mutants (R23A, R25A, R31A) to RNA 4WJ was significantly decreased compared 
to wild type (Figure 24A` vs. D`-F`). Mutation R23A allowed for the formation of both 
the small and large complex, while only the large complex formed with the R25A mutant 
protein (Figure 24D`, E`). Mutation R31A abolished formation of the large complex, and 
instead a new complex at an intermediate position appeared (Figure 24F`).  
  
Section summary 
Mutation of an individual residue to an alanine results in replacement of the specific side 
chain with a methyl group that is small and cannot form H-bonds. Except for the R8A 
mutation, proper folding of mutant proteins was not affected (Figure 23). The R8A 
mutant protein is still highly helical, but its CD trace is different, suggesting that this 
residue plays a structural role. Plausibly, this arginine may be stabilizing the protein 
structure through interactions with backbone carbonyl oxygens [314], as it is located in 
proximity to all three helices in the unstructured N-terminal region (Figure 22). The Q16 
is located in the region that in canonical HMG-boxes faces the dsDNA backbone (Figure 
22). However, the MAEL HMG-box does not bind dsDNA, and binding of the Q16A 
mutant to the DNA 4WJ is not affected. The binding of this mutant MAEL HMG-box to 
RNA 4WJ, while still occurring, is reduced however (Figure 23B`), suggesting that this 
residue contacts the RNA substrate. The Q16 is located within the uncharged region on 
the side-A of the MAEL HMG-box (Figure 12C) whose uncharged nature implies that it 
may face the substrate instead of being exposed to the solvent. Therefore, the side chain 
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of Q16 may serve as an H-bond donor or acceptor and thus, be stabilizing the interaction 
with the RNA 4WJ [315, 316]. Arginine residues have one of the longest side chains, are 
positively charged, and can form H-bond networks [296]. They are also found in various 
RNA-binding motifs, and their binding can be modulated by methylation [317, 318]. In 
the MAEL HMG-box, the arginine residues are distributed within the “hook” and 
“propeller” motifs, and each of them individually contributes to binding to both DNA and 
RNA 4WJ (Figure 24). The long side chain allows for distant contact in relatively narrow 
spaces where the positive guanidine group can form multiple H-bonds, which has been 
described as the “arginine-fork” phenomenon [296]. The structural characteristics of the 
RNA helix, i.e. deep and narrow major grove and wide and shallow minor groove, can 
accommodate single as well as multiple arginine residues such as those found in the 
MAEL HMG-box (Figure 22). The overall mutational analysis of the MAEL HMG-box 
domain has revealed that arginines in the "hook" and "propeller" regions are essential for 
binding to the respective nucleic acid substrates, which is supported by my sequence and 
structure analyses and previous binding experiments that demonstrated strong complex 
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MAEL HMG-box Binds Strongly to Large RNA Molecules 
 My in silico sequence and structure analysis combined with my extensive binding 
assays have laid down a solid foundation for the interaction of the MAEL HMG-box with 
several different substrates, including structured DNA 4WJ as well as dsRNA, RNA 
hairpins and RNA 4WJ. RNA 4WJs, are common structural features of cellular RNAs 
[319]. Furthermore, MAEL immunoprecipitates (IPs) contain large RNAs whose 
structures are highly complex [154]. The transcripts of transposons are often many kilo 
bases long, and piRNA precursor transcripts can span tens of kilo-bases [96, 179], 
enabling formation of nearly countless geometrical arrangements that could be bound by 
proteins. To explore the possibility that MAEL HMG-box directly binds to these RNAs, I 
interrogated MAEL IPs RNA-seq data sets for enriched RNA regions [154].  
 First I aligned three RNA immunoprecipitate (RIP)-Seq datasets (control: Igg, 
replicates: MAEL_A, MAEL_B) to the mm9 version of the mouse genome and identified 
enriched regions using MACS2 software which compares read enrichment between the 
samples [256]. From the identified regions, I selected a subset of reads mapping to long 
interspersed element (LINE)-1 sequences previously shown to be enriched in the MAEL 
IP datasets [154]. The coordinates for each region were examined in integrated genome 
viewer (IGV) [237, 260], and narrow regions with sufficient amount of reads and peak-
like appearance were selected. I have examined 114 enriched regions annotated as L1 
retrotransposons sequences. Of these I selected 10 belonging to LINE1 Mus domesticus 
family 2 (L1_Md_F2), and within their coordinates, I identified 42 peak-like regions. 
Sequences from identified regions were then aligned (ClustalW) and repeatedly re-
aligned (after removal of divergent sequences) until a subset with high homology to each 
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other was identified. As a result I have identified homologous regions on five distinct 
chromosomes with high sequence similarity and that are classified as L1_Md_F2 family 
of transposon sequences (Figure 25).  
 Repeated and secondary structure forming regions have been noticed within 
transposons [320, 321] but were never described in detail. Assuming that retrotransposon 
L1 RNA can be under selective pressure to retain some structural features, I attempted to 
determine a common secondary structure signature of identified regions. Such a common 
structural signature would allow for the computational search and identification of 
potential MAEL HMG-box target structural motifs within the tested RNA. To do this, I 
have employed a combination of sequence covariation and thermodynamic analysis 
which have been applied previously to successfully determine the structure of the yeast 
telomerase flexible scaffold [261]. Covariation analysis takes into account compensatory 
mutations between homologous sequences that are required to maintain dsRNA regions 
of evolutionary conserved structural elements [322], while thermodynamic analysis 
predicts folding based on the energetic stability [253]. Initial attempts to determine the 
structure of a 277-nt long piece of L1_Md_F2 with Mfold [253] produced a multitude of 
distinct thermodynamically stable structures, making it impossible to identify common 
regions between sequences from different chromosomes. After supplying the program 
with the covarying nucleotides identified with RNAalifold [262] software supplied with 
multiple sequence alignment of L1_Md_F2 regions (Figure 25A), Mfold produced a 
single structure for each region (Figure 26). It was reassuring to see that the structures 
originating from sequences located on different chromosomes resembled each other with 
only very minor variations.  
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Figure 25: Homology and enrichment of L1_Md_F2 
A) Multiple nucleotide sequence alignment of five L1 fragments identified by searching 
MAEL RIP-Seq datasets. Each sequence name consists of chromosome name_DNA 
strand_start position. The shade of color reflects nucleotide identity going from darkest 
blue (completely conserved) to white (not conserved). B) The read coverage plots for 
each identified region. The title contains genomic coordinates and X-axis position within 
corresponding interval. Colors of lines correspond to different compared samples: blue - 
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Figure 26: Predicted structures of five L1_Md_F2 regions 
Secondary structures of identified regions predicted using Mfold supplied with constraints 
(see Table 6) obtained through covariation analysis using RNAalifold described 
previously [261, 262]. The coloring reflects probability of being single-stranded (red) or 
double-stranded (black) according to Mfold. Shown are chromosome names and Mfold 

















	   122	  
 
	   123	  
I then selected the region from chromosome 10 featuring the most energetically-stable 
structure and tested whether MAEL HMG-box can bind to it (Figure 27A).  The MAEL 
HMG-box bound the full-length region (277) demonstrated by a gel shift at 0.5 µM 
protein (Figure 27B, lane 4 is 0.5 µM). Deletion of small segment of the double-stranded 
portions reduced binding, yet small amounts of complex were still observable (Figure 
27C). Importantly, this interaction was specific, as RNA from genomic region not 
enriched in the MAEL RIP-Seq datasets was not shifted in the presence of MAEL HMG-
box (Figure 27D). MAEL HMG-box domain bound the 277-nt long L1_Md_F2 RNA 
strongly, forming a single multi-protein-RNA complex, which became progressively 
more retarded in the gel shift assay with increasing MAEL HMG-box concentrations 
(Figure 27B). The weak complexes observed for the truncated versions (200-nt and 149-
nt long) appeared to follow similar kinetics, but the majority of the substrate was 
unbound (Figure 27C).  The binding kinetics observed for the native L1_Md_F2 substrate 
resemble that observed for RNA 4WJ, for which a large complex formed at higher 
protein and RNA concentrations (Figure 21A, B). Therefore, binding to complex RNA 
substrates seems to be highly cooperative, and multiple molecules are bound after passing 
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Figure 27: MAEL HMG-box binding to L1_Md_F2 RNA 
A) Secondary structure of retrotransposon element fragment (277) from chromosome 10 
and two truncations (200, 149) tested. Colors correspond to probability of being single-
stranded (red) or double-stranded (black) according to Mfold. Highlighted in green 
squares are covarying nucleotides. B) The MAEL HMG-box binds well to 277 RNA, 
forming a single complex whose migration is progressively retarded with addition of 
protein. C). The same dynamics as in (B) is observed with shorted fragments; however, 
the majority of RNA has not shifted. D) The MAEL HMG-box does not bind to 177nt-
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Section summary 
The analysis of transposon RNA enriched in MAEL immunoprecipitates shows that 
MAEL HMG-box is capable of binding to large and specifically structured RNA 
molecules. This is in agreement with my previous observations, demonstrating that 
simple structural motifs such as RNA hairpins were bound weakly, and more complicated 
four-way junctions were bound strongly. While the full-length, large RNA fragment (277 
nt) was bound strongly by MAEL HMG-box, the majority of 200-nt and 149-nt deletion 
substrates was not shifted and therefore, not bound by MAEL HMG-box. Thus, the stem 
that is missing in the deletion constructs likely contributes to formation of the complex. 
Previously, I proposed that the addition of unlabeled RNA 4WJ to the reaction causes 
changes in the conformational ensemble. According to this hypothesis, the double-
stranded region in L1_Md_F2 may be constraining the ends of the RNA molecule, 
allowing for unambiguous formation of the dual hairpin region in the center (Figure 
27A). In this way, the ensemble of the full-length large RNA fragment (277-nt long) 
structures may be smaller with greater proportion of the preferred substrate. This could 
explain the observed shifting of only a portion of the RNA (Figure 27B) as well as the 
lack of binding to short RNAs whose ensemble is composed of only unfavorable 
conformations (Figure 20A, B, C). Additionally, the presented structure of L1_Md_F2 
region only describes secondary structural elements and no tertiary structural motifs such 
as pseudoknots, or interactions of secondary elements with each other. These features 
could provide regions analogous to those seen in RNA 4WJ that can provide deep and 
narrow spaces where the MAEL HMG-box can insert its arginine residues. Notably, the 
RNA identified from RNA-Seq data originates from retrotransposon and belongs to a 
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family of young and therefore likely actively transposing elements [323]. Together with 
its localization to cytoplasmic RNA-processing bodies associated with piRNA pathway 
and in vitro binding to structured DNA and, more importantly, RNA, this raises the 
possibility that the MAEL HMG-box domain contributes structure-specific RNA-binding 
ability to MAEL and by this way contributes to the selection of target RNAs. However, 
additional analysis using in vitro quantitative assessment of sequence and structural 
protein-RNA binding (RNA bind-n-Seq) [324] and in vivo high-throughput sequencing of 
RNA isolated by crosslinking immunoprecipitation (HITS-CLIP) [178] approaches will 
be necessary to validate my findings and to identify sequence or structural RNA motifs 
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MAEL HMG-box as Structure-Specific RNA-binding Module  
 The goal of my thesis research was to gain fundamental insight into the 
biochemical function of MAEL, a protein indispensable for the function of the piRNA 
pathway. I focused on the conserved N-terminal HMG-box domain, which is crucial for 
the biological function of MAEL. Its classification as an HMG-box domain implied that 
MAEL HMG-box would bind DNA, which is the case for many canonical HMG-box 
domains. However, MAEL has been almost exclusively linked to the piRNA pathway; 
MAEL predominantly localizes to cytoplasmic bodies which are likely involved in 
retrotransposon-mRNA and piRNA-precursor processing (piP-bodies and chromatoid 
bodies) and plays a role in retrotransposon silencing, which appears to be conserved 
across species. Therefore, several lines of evidence suggested that the HMG-box domain 
of MAEL might be involved in the RNA interactions despite its HMG-box domain 
functional classification, which suggested MAEL HMG-box binding to DNA.  
 Indeed, my extensive sequence, structure and phylogenic analyses allowed me to 
identify unique features of the MAEL HMG-box that clearly distinguish it from the 
previously described SS and NSS HMG-boxes’ domains. The MAEL HMG-box domain 
is ancient, dating back to over one billion years ago. Over this time, it has retained 
sequence characteristics; i.e., charged-residue distribution and the presence of multiple 
arginines near LINE-1, seen in vertebrates (mammals, reptiles, birds) but lost some; i.e., 
shortened N-terminus, in invertebrates (insects, sea urchins, fresh waster polyps). 
Nevertheless, structurally, the MAEL HMG-box fold did not diverge very much from 
canonical HMG-box domains. Comparing the mammalian MAEL HMG-boxes with 
canonical SS and NSS counterparts, I was able to identify arginine-rich “hook” and 
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“propeller” regions that are unique to MAEL HMG-box domains, indicating that the 
HMG-box of MAEL has acquired a new function. To identify binding substrates, I used 
gel-shift assays and showed that the wild-type MAEL HMG-box domain does not bind 
single-stranded, double-stranded, or modified dsDNA molecules even if these contain 
previously identified canonical HMG-box motifs. Of the DNA substrates, the MAEL 
HMG-box domain only bound DNA 4WJ, which is unique for its perturbed helical 
geometry. On the other hand, the MAEL HMG-box readily bound to RNA hairpins and 
formed multiple complexes with RNA 4WJ. Mutation of individual residues within the 
“hook” and “propeller” regions confirmed that these regions are indeed crucial for 
binding to the highly structured substrates – both DNA and RNA 4WJs. Because of its 
known role in the piRNA pathway, I have then tested MAEL HMG-box binding to an 
RNA fragment of the L1_Md_F2 retrotransposon identified from MAEL 
immunoprecipitates. The MAEL HMG-box bound strongly to this substrate but did not 
bind to large control RNA not enriched in the same MAEL immunoprecipitation datasets. 
All these observations support a model in which the MAEL HMG-box may provide its 
structure-specific RNA-binding abilities to the full-length protein to facilitate binding to 
large RNAs relevant to the piRNA pathway. 
 Sequence analysis shows that determinants underlying RNA-binding of the MAEL 
HMG-box domain (location of arginine residues within "propeller" and "hook") vary 
amongst mammals and insects. Structural comparison of in silico-predicted the fruit fly 
Mael HMG-box with the NMR structure of human homolog also failed to detect 
equivalent regions. However, because both mouse and fruit-fly domains lack the ability 
to bind to dsDNA; this is most likely an artifact of computational prediction algorithms. 
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Even though they are distantly related, both mouse and fruit-fly MAEL HMG-box 
domains group on the same branch of phylogenetic tree, apart from other SS and NSS 
HMG-box domains, implying functional conservation of their nucleic binding abilities. 
HMG-box domains are small domains capable of sub-specialization even with acquisition 
of only few mutations (i.e., SRY and SOX proteins) [220, 325], which would makes them 
an ideal candidate for fast adaptation to quickly accommodate ever-changing 
transposable elements, sequences and structures. Therefore, the sequence differences 
between the mouse and fruit-fly MAEL HMG-boxes could have been acquired to 
recognize a characteristic subset of transposon elements relevant to their host without 
affecting the overall conserved function of the domain. This hypothesis is supported by 
both different transposon repertoires of active elements [326] and their varying 
contributions to the intronic sequences between vertebrates and invertebrates [327]. 
However, experimental determination of fruit-fly HMG-box domains’ tertiary structure 
and their biochemical interrogation is necessary to confirm this hypothesis.  
 Lastly, the biochemical function of the MAEL HMG-box domain in vitro is similar 
than that of HMGB1a in terms of structure-directed binding. Interestingly, in addition to 
their prominent structural role in the nucleus, HMGB proteins have been shown to 
function as a sentinel of immunogenic nucleic acids (DNA or RNA) in the innate immune 
response [241, 242]. A parallel presents itself where the MAEL HMG-box may have 
diverged to facilitate recognition of now-domesticated transposon mRNA in order to 
protect genome integrity during germline development. Based on this, the piRNA 
pathway may be considered an ancient arm of the innate immune response to protect 
genomes against retroviruses.  
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Implications of MAEL RNA-Binding for piRNA Pathway 
 In this thesis, I provide comprehensive set of structural and biochemical evidence 
(described in previous sections) describing biochemical function of the mouse MAEL 
HMG-box in vitro, all of which shine light on the enigmatic nature of MAEL protein. 
Presence of the structure-directed RNA-binding ability of the HMG-box agrees with 
MAEL localization in nuclear and cytoplasmic compartments, both of which have an 
abundance of RNA molecules that could be bound by the MAEL HMG-box. However, 
RNA immunoprecipitation experiments show that MAEL-containing complexes are 
preferentially enriched with large RNA molecules relevant to the piRNA pathway [154]. 
Some mechanistic aspects pertaining to functions of the piRNA pathway and its 
components have been described [328]; however, many more questions remain 
unanswered. A question of greatest interest to me is, “how are transcripts relevant to 
piRNA pathway distinguished from mRNAs?” All three, the retrotranspon RNAs, piRNA 
precursor RNAs, and mRNAs, are transcribed by RNA polymerase II, polyadenylated 
and capped [93], yet only the retrotransposon and piRNA precursor RNAs give rise to 
majority of piRNAs. MAEL has been observed in the vicinity of nuclear pores 
throughout the cytoplasm and has enriched in cytoplasmic piP-bodies believed to be 
centers of piRNA processing [111, 112]. MAEL localization therefore overlaps with the 
path RNA molecules selected for piRNA processing would take, suggesting that MAEL 
may be involved in shuttling retrotransposons and piRNA precursor RNA molecules. In 
this thesis, I showed that the in vitro MAEL HMG-box domain has an ability to bind 
large structured RNA molecules, both synthetic and native RNA found in MAEL 
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immunoprecipitates. Therefore, presence of an HMG-box domain with novel RNA-
binding abilities in MAEL may provide the means for discrimination of RNA molecules 
that are relevant to piRNA pathway in vivo. HMG-box domains have tremendous 
selective capabilities and are able to distinguish nucleic acid substrates sequence-
specifically (i.e., SRY, SOX proteins) or non-sequence specifically (i.e., HMGB1, Dsp1), 
in which case they recognize structural features. Based on my structural and biochemical 
analyses, the MAEL HMG-box belongs to the group that recognizes structural features of 
RNA.  
 
MAEL HMG-box Also Interacts With Non-Transposon RNAs 
 The vastness of possible structural configurations found in RNA makes it 
extremely difficult to identify protein-RNA recognition motifs. Consequently, many 
RNA-binding proteins are considered non-specific structural binders even though they 
may have clear preference for a particular structure [329]. In my biochemical studies of 
the MAEL HMG-box, I have observed preferences for large RNA molecules originating 
from transposon sequences enriched in MAEL immunoprecipitates; however, I was not 
able to determine precise sequence or structure that would function as an ideal binding 
region that could be sub-cloned into a reporter construct and tested in the cell culture or 
other in vivo contexts. Nevertheless, I have identified additional large RNA molecules to 
which the MAEL HMG-box bound extremely well and with which it’s binding followed 
the same dynamics as seen with L1_Md_F2 fragment (Figure 27).   
 One such molecule corresponds to the ribonuclease P RNA component H1 
(Rpph1). The Rpph1 RNA associates with numerous proteins, and the primary function 
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of RNAse P holoenzyme is processing of the precursor tRNAs [330]. Initial MAEL RIP-
Seq analyses by others in the lab showed high abundance of reads corresponding to 
Rpph1; however, later it was shown that these reads are also abundant in IgG control, 
suggesting that this RNA was contaminating the sequencing samples. Despite this, I have 
PCR-amplified and sub-cloned its cDNA into pGemT vector. Then, I digested the vector 
with SpeI enzyme and used it as run-off template in an in vitro transcription (IVT) 
reaction. The generated RNA was then folded according to same procedure as the long 
RNAs in previous sections (see Methods). The crystal structure of the bacterial RNAse P 
RNA component was solved [331, 332] and found to feature multiple RNA 4WJ [239], 
suggesting that MAEL HMG-box may bind it. Excitingly, the MAEL HMG-box has 
bound to Rpph1 RNA extremely well (Figure 28A), confirming my prediction. The 
unbound RNA appeared as two bands on the gel, both of which shifted as protein 
concentration increased, mimicking the type of interaction observed with L1_Md_F2 
(Figure 27A). I have then PCR amplified the 325-nt long region, removing 67-nt plasmid 
sequence present in run-off transcript, and created sense and antisense RNA for the 325-
nt region corresponding to only Rpph1 RNA. The final RNA was 328-nt long due to 
retention of 5`GGG left behind from T7 promoter sequence by T7 polymerase. The 
biologically relevant version of the Rpph1 RNA is encoded on the reverse-complement 
(RC). The shorter complement strand RNA (C) was bound equally well as the RC RNA 
(Figure 28B), but the overall binding of both shorter substrates was weaker than binding 
to the run-off RNA (Figure 28A). Just as in case of the run-off, the binding to the 
shortened RNAs followed same binding kinetics.  
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Figure 28. Binding of MAEL HMG-box to Rpph1 RNA 
A) Binding to the 392nt long Rpph1 RNA. The RNA was transcribed from pGemT-
Rpph1 plasmid cut with SpeI enzyme and used as run-off template in in vitro 
transcription. It contains 325-nt long Rpph1 (C - complement strand) and 67-nt long 
plasmid fragment (plus). B) Binding to 328-nt long Rpph1 (C) RNA transcribed from 
PCR product. C) Binding to 328-nt long Rpph1 (RC – reverse complement strand). The 
type of strand does not seem to be affecting the complex formation, suggesting that it’s 
the nucleotide content or the structural features Rpph1 RNA forming regions 
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The comparatively equal binding of MAEL HMG-box to C and RC RNA implies that it 
may be recognizing structural features that are common between the two substrates rather 
than specific sequences. Just as in the case of L1_Md_F2 and its truncations, the 
relatively better binding to run-off RNA of Rpph1 may be occurring as a consequence of 
improved folding in presence of the 67-nt long plasmid sequence. At this point I cannot 
state whether binding to Rpph1 RNA by MAEL HMG-box is of relevance to the overall 
MAEL function in the piRNA pathway because it is not enriched in the MAEL RIP-Seq 
datasets. However, because this RNA was bound well, and unlike L1_Md_F2, tertiary 
structure of its homologue has been experimentally determined [331, 332]. In the future it 
may prove a useful tool for identification of specific structural features that are bound by 
the MAEL HMG-box. 
 
Searching For Sequence Signatures in MAEL RIP-Seq Data 
 In my thesis, I have described MAEL HMG-box binding to the L1_Md_F2 
retrotransposon region that was enriched in MAEL RIP-Seq Datasets. My analysis was 
limited to three published RNA-seq data sets (Igg, MAEL_A, MAEL_B), and I have 
analyzed RNA of only a single type of enriched sequences. Nevertheless, MAEL HMG-
box was able to distinguish enriched L1_Md_F2 RNA from RNA that was not enriched 
in these datasets (Figure 27). This suggested that even though MAEL RIP contained 
many other proteins [154], MAEL might be the one helping in selection of the enriched 
RNA molecules.  
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Figure 29: Discovering sequence signatures in the MAEL RIP-Seq Data 
A) The schematic representation the major steps taken in identification of sequence 
signatures within MAEL RIP-Seq datasets. B) Venn diagram generated by DiffBind R 
program summarizing number of discovered regions within and between each sample. 
There were total of 1197 regions common to all data sets. C) The percentile distribution 
of identified regions showing the categories with most members. D) The sequence motif 
logos discovered (MEME) within annotated groups with >5% of total sequences. Shown 
is total number of regions within each group, the motif logo reflecting enrichment of each 
nucleotide at given position within motif, and associate E-value reflecting probability of 
being present by chance.  
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Therefore, I have decided to query the same and additional MAEL RIP-Seq datasets 
(MAEL_Med, MAEL_Smal) using genome-wide computational approaches with a goal 
of identifying conserved sequence signature within enriched regions that may be 
underlying the structural determinants that the MAEL HMG-box recognizes (Figure 
29A). I have used MACS2 [256] to identify enriched regions, and DiffBind R package 
[333, 334] to identify 1197 regions common amongst all datasets (Figure 29B).  
The identified regions were then annotated using annotatePeaks program from 
Homer suite [258]. The majority of the regions were annotated as retrotransposons (long 
terminal repeat (LTR) = 45%, LINE = 14%), some as unknown intergenic sequences 
(25%), and the rest corresponded to genic features such as 3`UTR (5%) and others (11% 
includes 5`UTR, introns, exons, transcription start sites, transcription termination sites, 
pseudogenes). (Figure 29C). To determine whether any sequence motifs are present 
within identified regions, I have employed the MEME program [335] from the MEME 
Suite [336]. I used a setting that searched for one occurrence of up to 30-nt long motif per 
each sequence within all as well as annotated subset with > 5% of discovered regions. 
The MEME program identified 18-nt and 29-nt long motifs, all of which were 
overrepresented with adenine (A) and guanine (G) bases in vast majority of positions 
(Figure 29D). This was the case for the 1197 genomic regions as well as for each 
annotation category; however, the bit values (motif Y-axis) that indicate prevalence of 
nucleotide at the given position within set of tested regions never reached its maximum 
(value of 2), suggesting low conservation of these sequences. The nucleotides within 
identified motifs also periodically varied, switching between A and G. Presence of 
periodic G nucleotides is reminiscent of sequences that give rise G-quadruplex structures 
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observed in telomeric DNA regions [337]. More importantly G-quadruplexes were 
recently identified in nascent RNA transcripts [338], 5` untranslated regions [339], and 
transposable elements [340, 341]. In all these contexts they are thought to serve important 
regulatory functions by facilitating formation of specific tertiary structures that are either 
bound by proteins or contribute to RNA tertiary structures [238, 342]. This indicated G-
quadruplex forming seqeunce may also be important for MAEL HMG-box binding; 
therefore, I used quadruplex forming G-rich sequences (QGRS) software [343] to 
evaluate my large RNA substrates for their presence. Excitingly, the three of five aligned 
L1_Md_F2 regions had single predicted G-quadruplex, and sequence from chr10 that was 
tested for binding had two. Furthermore, compliment strand (C) of Rpph1 RNA had four, 
and reverse-compliment had six sequences that were predicted to form Q-quadruplex 
structures. These observations suggested that the MAEL HMG-box might be binding to 
large RNAs, recognizing the G-quadruplex structures. Therefore, I have tested the 
regions from each substrate predicted to form these structures and tested them in gel shift 
assays. Unfortunately, I was not able to detect any binding to short DNA or RNA 
molecules corresponding to G-quadruplex. My previous tests with truncated L1_Md_F2 
substrates and with RNA 4WJ implied that additional RNA in binding reaction contribute 
to MAEL HMG-box binding. Perhaps G-quadruplex sequences need to be in the context 
of larger RNA molecule to be recognized by the MAEL HMG-box. In such context they 
may give rise to other RNA geometries that can better accommodate the arginine residues 
essential for MAEL HMG-box binding.  
  While my computational analysis of MAEL RIP-Seq datasets pointed me in the 
direction of G-quadruplex sequences, I cannot exclude the possibility that other sequence 
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or structural RNA features may exit for which MAEL HMG-box has preference. In order 
to address this possibility, HITS-CLIP [178] experiments utilizing UV-crosslinking to 
identify RNA directly bound to MAEL protein are necessary. These could be combined 
with recently described RNA bind-N-seq technique, which combines large-scale 
sequencing with RNA-binding assays and structural predictions to identify features 
bound by RNA-binding proteins [324]. Lastly, the importance of identified novel features 
of the MAEL HMG-box (arginine rich “hook” and “propeller”) would be best 
demonstrated in vivo through mouse transgenesis. To that end, I have generated construct 
deleting the MAEL HMG-box as well as those with R31A point mutations to be used in 



















































































































































Length Type Tm Sequence 5`-->3` Gene/Fragment Notes
30 Fw 60 AAATAGGATCCATAGAGGGCCATGTCAAGC Mm SRY HMG
To amplify Mm SRY HMG without start codon. 
Includes BamH1 site for subcloning into pGex6P-
2
37 Rew 60 AAATAGCGGCCGCACTCCTCTGTGACACTTTAGCCCT Mm SRY HMG To amplify Mm SRY HMG endign at residue 86. Iincludes NotI site for subcloning into pGext6P-2.
31 Fw 60 AAATAGGATCCATAGCTCCTAAGAAGCATAG Dm Mael HMG
To amplify Dm MAEL HMG without start codon. 
Includes BamH1 site for subcloning into pGex6P-
2. 
30 Rew 60 AAATAGCGGCCGCATCAAGCTCTCGGTGGC Dm Mael HMG To ampligy Dm MAEL HMG ending at residue 86. Includes NotI sire for subcloning into pGex6P-2. 
23 Fw 60 AAATAGGATCCGTGCCCAACCGC Mm Mael HMG
To amplify Mm MAEL HMG withou start codon. 
Includes BamH1 site for subcloning into pGex6P-
2. 
28 Rew 60 AAATAGCGGCCGCTGGCCTCCTCAGTGG Mm Mael HMG To amplify Mm MAEL HMG ending at residue 86. Includes Not1 site for subcloning into pGex6P-2. 
35 Fw 59 AAATAGGATCCATAGGCAAAGGAGATCCTAAAAAG Mm HMGB1 Box A To amplify Mm HMGB1 Box A without start codon. 
Includes BamH1 site for cloning into pGex6P-2.
30 Rew 59 AAATAGCGGCCGCTTTGGTCTCCCCTTTGG Mm HMGB1a Box A To amplify Mm HMGB1 Box A ending at residue 86. Includes Not1 site for cloning into pGex6P-2. 
NNNN - restriction enzyme recognition site














































































































Length Type Sequence 5` --> 3` Substrate dG (kcal/mol)* No. structures*
28 ss GGGAAAGGGUUAGGGUUAGGGUUAGGGAA ssRNA > 1.5 0
15 Fw GCGCAACAAUGCCGG
15 Rew CCGGCAUUGUUGCGC
15 ss GCGCAACAAUGCCGG hairpin 1 -1.3 3
17 ss GGGACCAGAAGGUCCCG hairpin 2 -12.1 1
25 ss GGAUCUCUGCACACAACAGUUGUCC hairpin 3 -5.7 1
25 ss GGAUCUCUGCACACAACAGagGUCC hairpin 4 -12.5 1





[dN] - deoxy nucleotide (DNA)
* based on Mfold analysis
ss - single stranded
Fw - forward
Rew - rewerse
A-D - strands of 4WJ





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































chr1 chr2 chr7 chr10 chr11
F"102"110"1 F"107"115"1 F"104"112"1 F"102"110"1 F"105"113"1
F"103"109"1 F"108"114"1 F"105"111"1 F"103"109"1 F"106"112"1
F"94"118"1 F"99"123"1 F"96"120"1 F"94"118"1 F"97"121"1
F"72"89"1 F"77"94"1 F"74"91"1 F"72"89"1 F"75"92"1
F"14"248"1 F"19"253"1 F"16"250"1 F"14"247"1 F"17"251"1
F"50"196"1 F"55"201"1 F"52"198"1 F"50"195"1 F"53"199"1
F"52"194"1 F"57"199"1 F"54"196"1 F"52"193"1 F"55"197"1
F"142"164"1 F"147"169"1 F"144"166"1 F"142"164"1 F"145"167"1
F"38"214"1 F"43"219"1 F"40"216"1 F"38"213"1 F"41"217"1
F"28"223"1 F"33"228"1 F"30"225"1 F"28"222"1 F"31"226"1
F"61"188"1 F"66"193"1 F"63"190"1 F"61"187"1 F"64"191"1
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